
" 





















































CONTENTS 


Preface 


xv 


1. INTRODUCTION 

1.1 Digital and Analog Systems 1 

1.2 Logic l evels and Pulse Waveforms 3 

1.3 Elements of Digital Logic 4 

1.4 Functions of Digital Logic 5 

1.5 Digital Integrated Circuits 10 

1.6 Microprocessors 11 

1.7 Digital Computers 12 

1.8 Types of Computers 13 

Summary 14 
Questions / 5 



NUMBER SYSTEMS 

2.1 The Decimal Number System 17 

2.2 The Binary Number System 20 
Counting in Binary 20 

Binary to Decimal Conversion 21 

Decimal to Binary Conversion 23 

Binary Addition 26 

Binary Subtraction 26 

Binary Multiplication 28 

Computer Method of Multiplication 28 


2.3 

2.4 


Binary Division 29 

Computer Method o Division 30 

Representation of Signed Numbers and Binary Arithmetic 

in Computers 31 
The Octal Number System 40 
Usefulness of the Octal System 40 
Octal to Binary Conversion 40 


Binary to Octal Conversion 





1-16 


17-61 


































vi 


Contents 


Octal to Decimal Conversion 41 
Decimal to Octal Conversion 41 
Octal Addition 43 
Octal Subtraction 43 
Octal Multiplication 45 
Octal Division 45 

2.5 The Hexadecimal Number System 45 
Hexadecimal Counting Sequence 46 
Binary to Hexadecimal Conversion 46 
Hexadecimal to Binary 47 
Hexadecimal to Decimal 47 
Decimal to Hexadecimal 48 
Octal to Hexadecimal Conversion 49 
Hexadecimal to Octal 50 
Hexadecimal Addition 50 
Hexadecimal Subtraction 51 
Hexadecimal Multiplication 54 
Hexadecimal Division 54 

2.6 Miscellaneous Examples 55 

Summary 56 

Qu estions 58 

Problems 59 

3. BINARY CODES 

3.1 Weighted and Non-weighted Codes 62 
Sequential Codes 63 
Self-complementing Codes 63 
Cyclic Codes 63 

3.2 The 8421 BCD Code 64 

3.3 The Excess Three (XS-3) Code 67 

3.4 The Gray Code 71 
Binary-to-Gray Conversion 73 
Gray-to-Binary Conversion 74 
The XS-3 Gray Code 74 

3.5 Error-detecting Codes 75 

3.6 Error-correcting Codes 79 
The 7-bit Hamming Code 80 

3.7 Alphanumeric Codes 82 
The ASCII Code 82 
The EBCDIC Code 84 

Summary 84 

Questions 86 

Problems 87 


Contents vil 


4. LOGIC GATES M 

89-119 

4.1 Introduction 89 

4.2 The AND Gate 90 

4.3 The OR Gate 91 

4.4 The NOT Gate 93 

4.5 The Universal Gates 94 
The NAND Gate 94 
The NOR Gate 96 

4.6 The Exclusive-OR (X-OR) Gate 98 

4.7 The Exclusive-NOR (X-NOR) Gate 99 

4.8 Inhibit Circuits 100 

4.9 7400-series Integrated Circuits 104 

4.10 ANSI/IEEE Standard Logic Symbols 104 

4.11 Pulsed Operation of Logic Gates 109 
Summary 116 

Questions 117 
Problems 119 

5. BOOLEAN ALGEBRA 120-155 

5.1 Introduction 120 

5.2 Logic Operations 121 
AND Operation 121 
OR Operation 121 
NOT Operation 121 
NAND Operation 121 
NOR Operation 121 

X-OR and X-NOR Operations 121 

5.3 Axioms and Laws of Boolean Algebra 121 
Complementation Laws 122 

AND Laws 122 

OR Laws 122 

Commutative Laws 122 

Associative Laws 123 

Distributive Laws 124 

Idempotence Laws 126 

Complementation Laws or Negation Laws 1 2 

Double Negation Law 127 

Identity Laws 127 

Null Laws 128 

Absorption Laws 128 

Consensus Theorem {Included Factor Theorem) 129 
Transposition Theorem 130 
De Morgan’s Theorem 130 

5.4 Duality 133 
Duals 134 

























Contents 


5.5 Reducing Boolean Expressions 135 

5.6 Boolean Expressions and Logic Diagrams 137 

5 ~ Converting AND OR Invert Logic to NAND/NOR Logic 140 

5.8 Miscellaneous Examples 148 

5.9 Determination of Output Level from the Diagram 151 
Summary 152 

Questions 153 
Problems 154 

THE KARNAUGH MAP AND QUINE-McCLUSKY METHODS 

6.1 Introduction 156 

6.2 Expansion of a Boolean Expression to SOP Form 157 

6.3 Expansion of a Boolean Expression to POS Form 159 

6.4 Computation of Total Gate Inputs 161 

6.5 Two-variable K-map 161 
Mapping of SOP Expressions 162 
Minimization of SOP Expressions 163 
Mapping of POS Expressions 165 
Minimization of POS Expressions 166 

6.6 Three-van able K-map 167 

Minimization of SOP and POS Expressions 168 
Reading the K-maps 168 

6.7 Four-vanable K-map 171 

6.8 Five-variable K-map 174 

6.9 Six-variable K-map 176 

6.10 Don t Care Combinations 179 

6.11 Hybrid Logic 181 

6.12 Minimization of Multiple Output Circuits 183 

6.13 Variable Mapping 189 

Incompletely Specified Functions 193 

6.14 Miscellaneous Examples 194 

6.15 Quine-McClusky Method 206 

6 16 Function Minimization of Multiple Output Circuits 220 
Summary 22 7 
Questions 229 
Problems 230 

COMBINATIONAL CIRCUITS 

7.1 The Half-adder 233 

7.2 The Full-adder 234 

7.3 The Half-subtractor 236 

7.4 The Full-subtractor 238 

7.5 Parallel Binary Adders 240 

7.6 The Look-ahead Carry Adder 242 


Contents i* 


7.7 IC Parallel Adders 244 

7.8 Two’s Complement Addition and Subtraction Using Parallel Adders 246 

7.9 Serial Adders 248 

7.10 BCD Adder 249 

7.11 Binary Multipliers 251 

7.12 Code Converters 253 

7.13 Parity Bit Generators/Checkers 259 

7.14 Comparators 265 » 

7.15 IC Comparator 268 

7.16 Decoders 269 

3-Line to 8-Line Decoder 270 
Enable Inputs 271 

8421 BCD-to-Decimal Decoder (4-Line to 10-Lme Decoder) 273 

7.17 BCD-to-Seven Segment Decoders 275 

7.18 Display Devices 275 
Classification of Displays 275 

The Light Emitting Diode (LED) 278 
The Liquid Crystal Display (LCD) 279 
Incandescent Seven Segment Displays 281 

7.19 Encoders 281 
Octal-to-Binary Encoder 282 
Decimal-to-BCD Encoder 283 

7.20 Keyboard Encoders 284 

7.21 Priority Encoders 285 
Decimal-to-BCD Priority Encoder 285 
Octal-to-Binary Priority Encoder 28" 

7.22 Multiplexers (Data Selectors) 290 
Basic 2-input Multiplexer 290 

The 74157 Quadruple 2-input Data Selector/Multiplexer 291 
The 4-input Multiplexer 292 

The 74151A 8-input Data Selector/Multiplexer 293 

The 16-input Multiplexer from I wo 8-input Multiplexers 293 

7.23 Applications of Multiplexers 294 
Logic Function Generator 294 
Parallel-to-Serial Data Conversion -10 
Multiplexing Seven Segment Displays -97 

7.24 Demultiplexers (Data Distributors) 

1-Line to 4-Line Demultiplexer 300 
1-Line to 8-Line Demultiplexer 300 

7.25 ANSI/IEEE Symbols 303 

Summary 305 
Questions 30 
Problems 3 OS 



































* Contents 


8. FLIP-FLOPS AND TIMING CIRCUITS 309-367 

8.1 Introduction 309 

8.2 The S-R Latch 310 

The NOR Gate S-R Latch 311 
The NAND Gate S-R Latch 313 

8.3 Gated Latches 315 

The Gated S-R Latch 315 
The Gated O-Iatch 316 

8.4 Edge-triggered Flip-flops 317 
Generation of Narrow Spikes 318 
The Edge-triggered S-R Flip-flop 319 
The Edge-triggered D Flip-flop 321 
The Edge-triggered J-K Flip-flop 323 
The Edge-triggered T Flip-flop 326 

8.5 Asynchronous Inputs 326 

8.6 Flip-flop Operating Characteristics 329 

8.7 Master-slave (Pulse-triggered) Flip-flops 333 

The Master-slave (Pulse-triggered) S-R Flip-flop 334 
The Master-slave (Pulse-triggered) D Flip-flop 336 
The Master-slave (Pulse-triggered) J-K Flip-flop 337 
The Data Lock-out Flip-flop 338 

8.8 Conversion of Flip-flops 339 

S-R Flip-flop to J-K Flip-flop 339 
J-K Flip-flop to S-R Flip-flop 340 
S-R Flip-flop to D Flip-flop 340 
D Flip-flop to S-R Flip-flop 340 
J-K Flip-flop to T Flip-flop 342 
J-K Flip-flop to D Flip-flop 342 
D Flip-flop to J-K Flip-flop 342 

8.9 Applications of Flip-flops 343 
Parallel Data Storage 343 
Serial Data Storage 343 
Transfer of Data 343 
Senal-to-Parallel Conversion 344 
Parallel-to-Serial Conversion 344 
Counting 344 

Frequency Division 344 

8.10 ANSI/IEEE Symbols 344 

8.11 Schmitt Trigger 347 

8.12 Monostable Multivibrator (One-shot) 348 

8.13 Astable Multivibrator 354 

Astable Multivibrator Using Schmitt Trigger 354 
Astable Multivibrator Using 555 Timer 355 
Astable Multivibrator Using Inverters 355 
Astable Multivibrator Using Op-amps 357 



Contents xi 


8.14 Crystal-controlled Clock Generators 358 
Summary 362 
Questions 363 
Problems 363 

9. SHIFT REGISTERS 

9.1 Introduction 368 

9.2 Buffer Register 369 

9.3 Controlled Buffer Register 369 

9.4 Data Transmission in Shift Registers 371 

9.5 Serial-in, Seriai-out, Shift Register 372 

9.6 Serial-in, Parallel-out, Shift Register 376 

9.7 Parallel-in, Serial-out, Shift Register 377 

9.8 Parallel-in, Parallel-out, Shift Register 379 

9.9 Bidirectional Shift Register 381 

9.10 Universal Shift Registers 381 

9.11 Dynamic Shift Registers 383 

9.12 Applications of Shift Registers 384 

9.13 ANSI/IEEE Standard Symbols 386 

Summary 387 
Questions 388 

10. COUNTERS 

10.1 Introduction 389 

10.2 Asynchronous Counters 391 

Two-bit Ripple Up-counter Using Negative Edge-triggered 
Flip-flops 391 

Two-bit Ripple Down-counter Using Negative Edge-triggered 
Flip-flops 391 

Two-bit Ripple Up/Down Counter Using Negative Edge-triggered 
Flip-flops 392 

Two-bit Ripple Up-counter Using Positive Edge-triggered 
Flip-flops 393 

Two-bit Ripple Down-counter Using Positive Edge-triggered 
Flip-flops 393 

Two-bit Ripple Up/Down Counter Using Positive Edge-tnggered 
Flip-flops 394 

10.3 Design of Asynchronous Counters 394 

10.4 Effects of Propagation Delay in Ripple Counters 397 

10.5 Decoding of Ripple Counters 400 

10.6 Integrated Circuit Ripple Counters 404 
The 7493A 4-bit Binary Counter 404 
The 7490 Decade Counter 407 

10.7 Synchronous Counters 408 

Four-bit Synchronous Up-counter- Propagation Delay 408 

Four-bit Synchronous Down-counter 410 


368-388 


389-465 








































xii Contents 


Four-bit Synchronous Up/Down (Bidirectional) Counter 411 
Look-ahead Carry 411 

10.8 Hybrid Counters 412 

!0.9 Design of Synchronous Counters 413 

10-10 IC Synchronous Counters 428 

The 74LS163A Synchronous 4-bit Binary' Counter 428 
The 74LS160A Synchronous Decade Counter 429 
The >4190/74191 Series L^p/Down Counters 430 
The 4ALS560A 74ALS561A Counters 431 
Programmable Counters 431 

10.11 The 74193 (LS 193/HC 193) Counter 432 

10.12 Shift Register Counters 437 
Ring Counter 438 

Twisted Ring Counter (Johnson Counter) 439 

10.13 Pulse Train Generators 442 
Direct Logic 442 
Indirect Logic 445 

10.14 Pulse Generators Using Shift Registers 447 
Linear Sequence Generator 449 

3 0.15 Cascading of Synchronous Counters 453 

Cascaded 1C Counters with Truncated Sequences 454 
Counter Applications 455 

Parallel-to-Senal Data Conversions 458 

Summary 460 
Questions 462 
Problems 464 

11. LOGIC FAMILIES 

11.1 Introduction 466 

; I -2 Digital IC Specification Terminology 466 

11.3 Logic Families 471 

11.4 Transistor Transistor Logic (TTL) 471 

31.5 Open-collector Gates 479 

11.6 TTL Subfamilies 483 

11.7 Integrated Injection Logic (IJL or J 2 L) 486 

11.8 Emitter-coupled Logic (ECL) 488 

3 3 9 Metal Oxide Semiconductor (MOS) Logie 494 

!!';? Complementary Metai 0x * de Semiconductor (CMOS) Logic 498 

11.11 Dynamic MOS Logic 505 

11.12 Interfacing 509 
TTL to ECL 509 
ECL to TTL 509 
TTL to CMOS 509 
CMOS to TTL 509 

Summary 510 
Questions 512 


466-514 


Contents xiii 


12. SEQUENTIAL MACHINES 

12.1 Introduction 515 

12.2 The Finite State Model 515 
State Diagram 517 

State Table 517 

Transition and Output Table 517 
Excitation Table 518 

12.3 Memory Elements 518 
D Flip-flop 518 

T Flip-flop 519 
S-R Flip-flop 520 
J-K Flip-flop 521 

12.4 Synthesis of Synchronous Sequential Circuits 522 

12.5 Serial Binary Adder 522 

12.6 The Sequence Detector 524 

12.7 Parity-bit Generator 526 

12.8 Counters 528 

12.9 Iterative Networks 531 

Summary 542 
Questions 543 
Problems 544 


13. ANALOG-TO-D1GITAL AND DIGIT AL-TO-ANALOG CONVERTERS 546-577 

13.1 Introduction 546 

13.2 Digital-to-Analog (D/A) Conversion 547 

13.3 The R-2R Ladder Type DAC 552 

13.4 The Weighted-resistor Type DAC 557 

13.5 The Switched Current-source Type DAC 560 

13.6 The Switched-capacitor Type DAC 562 

13.7 Analog-to-Digital Conversion 563 

13.8 The Counter-type A/D Converter 564 

13.9 The Tracking-type A/D Converter 565 

13.10 The Flash-type A/D Converter 567 

13.11 The Dual-slope Type A/D Converter 569 

13.12 The Successive-approximation Type ADC ."'71 

Summary 5 75 
Questions 5 76 
Problems 577 


14. MEMORIES 

14.1 The Role of Memory in a Computer System 

14.2 Memory Types and Terminology 579 
Memory Organization and Operation 579 
Reading and Writing 581 

RAMs. ROMs, and PROMs 582 
Constituents of ivkn [Ties 


578 







578-632 



































M' L OH tents 


N.3 Read Only Memory (ROM) 583 
ROM Organization 583 
ROM Timing 585 
Types of ROMs 586 
14.4 Semiconductor RAMs 592 
Static RAMs (SRAMs) 593 
ECL RAMs 596 
Dynamic RAMs (DRAMs) 596 
Address Multiplexing 598 
DRAM Refreshing 598 

14.5 Memory Expansion 598 

14.6 Non-volatile RAMs 604 

14.7 Sequential Memories 605 
Recirculating Shift Registers 605 

First In First Out (FIFO) Memories 606 
!4.S Programmable Logic Devices 608 

Programmable Array Logic (PAL) 608 
Field Programmable Logic Array iFPLA) 611 
Programmable ROM (PROM) 615 
Other PLD Features 615 

14.9 Magnetic Memories 617 
Magnetic Core Memory 617 
Magnetic Disk Memory 618 
Magnetic Recording Formats 619 
Floppy Disks 622 

Hard Disk Systems 624 
Magnetic Tape Memory 625 
Magnetic Bubble Memory 625 

14.10 Optical Disk Memory 627 

14.11 Charge-coupled Devices 628 
Summary' 628 

Questions 630 


Appendix Commonly Used TTL ICs 
Glossary 

Answers to Problems 
Index 


633-636 

637-648 

649-656 

657-664 


PREFACE 


e ecting over years of experience in the classroom, this comprehensive textbook on 
digital circuits is developed to provide a solid grounding in the foundations of basic design 
techniques. Lsing the student-friendly writing style, the text introduces the reader to digital 
concepts in a simple and lucid manner with an emphasis on practical treatment and real- 
world applications. A large number of typical examples have been worked out, so that the 
reader can understand the related concepts clearly. Most of the problems in the book have 
been classroom tested. The book blends basic digital electronic theory with the latest in 
digital technology. The text is, therefore, suitable tor use as course material by 
undergraduate students of electrical engineering, electronics, computer science, 
instrumentation, telecommunications, and information technology. As there is no specific 
prerequisite to understand the book except for an elementary knowledge of basic 
electronics, it can also be used by students of polytechnics and undergraduate science 
students pursuing courses in electronics and computer science. 

The switching devices used in digital systems are generally two-state devices. So. it is 
natural to use binary numbers in digital systems. Human beings can interpret and understand 
data which are available in decimal form. Binary' data can be represented concisely using the 
octal and hexadecimal notations. For this reason, decimal, binary, octal, and hexadecimal 
number systems, conversion of numbers from one system to another and arithmetic 

operations in those systems are discussed in Chapter 2. 

To provide easy communication between man and machine, and also for ease of use 
in various devices and for transmission, decimal numbers, symbols, and alphabets are coded 
in various ways. Several codes and arithmetic operations involving some of those codes are 

presented in Chapter 3. 

The basic building blocks used to construct combinational circuits are logic gates. 
Various logic gates and the functions performed by them are described in C hapter 4. Pin 
diagrams of various IC gates and the ANSI/IEEE logic symbols tor the ga.e' and the i.hips 

are also given. 

The logic designer must determine how to interconnect the logic gates in eide. tc 
convert the circuit input signals to the desired output signals. 'I he relationship between the 
input and output signals can be described mathematically using Boolean algebra. Chapter 5 
introduces the basic laws and theorems ot Boolean algebra. It also deals with how to 

convert algebra to logic and logic to algebra. 

Starting from a given problem statement, the first step in designing a comb.nat.onal 
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Chapter 1 

INTRODUCTION 


1.1 DIGITAL AND ANALOG SYSTEMS 

Electronic circuits and systems arc of two kinds —analog and digital. The distinction between 
them is not so much in the types of semiconductor devices used in these circuits as it is in 
voltage and current variations that occur when each type of circuit performs the function for 
which it is designed. Analog circuits are those in which voltages and currents vary continuously 
through the given range. They can take infinite values within the specified range. For example, 
the output voltage from an audio amplifier might be any one of the infinite values between — 
10 V and + 10 V at any particular instant of time. Other examples of analog devices include 
signal generators, radio frequency transmitters and receivers, power supplies, electric motors 
and speed controllers, and many analog type instruments-—those having pointers that move in 
a continuous arc across a calibrated scale. By contrast, a digital circuit is one in which the 
voltage levels assume a finite number of distinct values. In virtually all modem digital circuits, 
there arc just two discrete voltage levels. However, each voltage level in a practical digital 
system can actually be a narrow band or range of voltages. 

Digital circuits arc often called switching circuits, because the voltage levels in a digital 
circuit are assumed to be switched from one value to another instantaneously, that is, the 
transition time is assumed to be zero. 

Digital circuits are also called logic circuits, because each type of digital circuit obeys a 
certain set of logic rules. The manner in which a logic circuit responds to an input is referred 
to as the circuit’s logic. 

Digital systems are used extensively in computation and data processing, control systems, 
communications and measurement. Digital systems have a number ot ad\antages over analog 
systems. Many tasks formally done by analog systems are now being performed digitally. The 
chief reasons for the shift to digital technology are summarized below: 

Digital systems are easier to design. The switching circuits in which there are only two 
voltage levels, HIGH and LOW, are easier to design. The exact numerical values or voltages 
are not important because they have only logical significance; only the range in which they fall 
is important. In analog systems, signals have numerical significance; so, their design is more 

involved. 

Information storage is easy. There are many types of semiconductor and magnetic memories 
of large capacity which can store data tor periods as long as necessary. 
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THE REAL WORLD IS ANALOG 


Most physical quantities are analog in nature, and it is these quantities that arc often the inputs 
d outputs and continually monitored, operated and controlled by a system When these 

to l tn t inheren e t| PrOC T ed ““! eXp " eSSed di 6 ital| y> «e are really making a digital approximation 
to an inherently analog quantity. Instead of processing the analog information directly, it is first 

conwrted into digital fotm and then processed using digital techniques. The results of 

processing can be converted back to analog form for interpretation. Because of these 

conversions, the processing time increases and the system becomes more complex. In most 

cases, these disadvantages are outweighed by numerous advantages of digital techniques. 

However, there are situations where using only analog techniques is simpler and more 

economical. Both the analog and digital techniques can bc employed in the same system to 

advantage. Such systems are called hybrid systems. But the tendency today is towards 

employ mg digital systems because the economic benefits of integration arc of overriding 
importance. 


The design of digital systems may be roughly divided into three stages— SYSTEM 
DESIGN, LOGIC DESIGN, and CIRCUIT DESIGN. System design involves breaking the 
overall system into subsystems and specifying the characteristics of each subsystem. For 
example, the system design of a digital computer involves specifying the number and type 
of memory units, arithmetic units and input-output devices, as well as specifying the 
interconnection and control of these subsystems. Logic design involves determining how to 
interconnect basic logic building blocks to perform a specific function. An example of logic 
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design is determining the interconnection of logic nates „ „ 

binary addition. Circuit design involves snecifvirm tk ■ ^ ni P* ! '°P s required to perform 

such as resistors, diodes and transistors to form a JL m in * erconncctlon ° r specific components 

This book is largely devoted to a study of loaic d«ion T ut ° r 3n> 0ther logic buildin S block - 
the logic design process. 8 eS,g " and ,he "ecessmy for understanding 


1.2 LOGIC LEVELS AND PULSE WAVEFORMS 




represent the two binary digits I and 0 by two different voltage levels railed HIGhLTow 

If the HIGH voltage level is used to represent 1 and the LOW voltag^ level “ria-sem 0 me 
system ts called the postttve logic system. On the other hand, if the HIGH voltage level 
0 and the LOW voltage level represents 1, the system is called me negative logic system 
Normally, the bmaty 0 and 1 am represented by me logic voltage levels 0 V and + fv So in 
a positive logic system, 1 ,s represented by + 5 V (HIGH) and 0 is represented by 0 V (LOW) 
and in a negattve logtc system, 0 is represented by + 5 V (HIGH) and 1 is represented by 0 V 
(LOW). Both positive and negative logics arc used in digital systems, but the positive logic is 
more common. For this reason, we will use only the positive logic system in this book. 

In reality, because of circuit variations, the 0 and 1 would be represented by voltaee ranges 
instead of particular voltage levels. Usually, any voltage between 0 V and 0 8 V represents the 
logic 0 and any voltage between 2 V and 5 V represents the logic 1. Normally, all input and 
output signals tall within one of these ranges except during transition from one level to another. 
The range between 0.8 V and 2 V is called the indeterminate range. If the signal falls between 
0.8 V and 2 V, the response is not predictable. 


Digital circuits are designed to respond predictably to input voltages that are within the 
specified range. That means, the exact values of voltages are not important and the circuit 
gives the same response for all input voltages in the allowed range, i.e. a voltage of 0 V gives 
the same response as a voltage of 0.4 V or 0.6 V or 0.8 V. Similarly, a voltage of 2 V gives 
the same response as a voltage of 2,8 V or 3.6 V or 4.7 V or 5 V. 

In digital circuits and systems, the voltage levels are normally changing back and forth 
between the HIGH and LOW states. So, pulses are very important in their operation. A pulse 
may be a positive pulse or a negative pulse. A single positive pulse is generated when a 
normally LOW voltage goes to its HIGH level and then returns to its normal LOW level as 
shown in Fig, 1.1 a. A single negative pulse is generated when a normally HIGH voltage goes 
to its LOW level and then returns to its normal HIGH level as shown in Fig. 1.1b. 
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Fig. 1.1 
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Ideal positive and negative pulses. 
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transition (PGT). The pulses shown in Fig. I 1 are idea h 5 edge is a ^Mve go ,a 
change instantaneously, i.e. in zero time Practical™ t’ a ° ,he risin « and falling Lilt 
LOU ,o HIGH or from HIGH to LOW. P n °' chan 8 c instantaneously from 

A non-idea] pulse is shown in Fio m.i, . 

t v pulse to rise from LOW to HIGH is Id the ?“ Md 611 limes ' Th “ ‘'me taken by 
to go from HIGH to LOW is *«"*. <* -He pulsl 

ecur at the bottom and top of the pulse, the rise time is defined n0 " lmeamies ,ha! commonly 
10 r:s “ ,rom 10% to 90% of the pulse amplitude and ihfrnf “ flle ‘ ,me ,akcn *e pulse 
by the pulse to fall from 90% to 10% of the pulse amplitude TP d ® fmed as <he lime taken 
USUJ|, > 1 ndicated by pulse width t which is defined P [ d The duratl °n of the pulse is 
me rising and falling edges. " ed M ,he tlmc lw*® the 50% P oi nls “ 



, encountered in digital systems are composed of a series of pulses and can 

Which repeats^"at and "“"‘Periodic waveforms. A periodic waveform is one 

--peat, itself at regular intervals of time called the period, T. A non-periodic waveform 

^ Tv!" in ‘ erValS and may be COmposcd of pulses of diffoeni 

f fluency of the periodic wavefomt. Another important characteristic of the periodic pulse 

waveform is its duty cycle which is defined as the ratio of the ON time (pulse width / ) to the 
period or the pulse waveform. Thus, w 



duty cycle = 



1.3 ELEMENTS OF DIGITAL LOGIC 

In our daily life, we make many logic decisions. The term logic refers to something which can 
be reasoned out. In many situations, the problems and processes that we encounter, can be 
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expressed in the form of propositional or loitic functmn* c • . . 

yes/no statements, digital circuits with theh two-state cW™* ***? functlons arc true/false * 
Several logic statements when combined form logic e * trcmely usefuL 

formulated mathematically using Boolean algebra(which^ “alTo^ 

and the minimal expression for the function ran i,n ,l. ■ . . mainemaucai logicj 

r , • , luncuon can be obtained using minimization techninnec 

There are four basic logic elements using which anv Hioitci , . b ' ■ tcchn,t l ucs * 

tiirf*r hisic pates_NOT AMR an H no j y ® system can be built, fhey are the 

three basic g . NOl, AND and OR, and a flip-flop. In fact, a flip-flop can be constructed 

nsing gates So we can say that any digital circuit can be constructed using only gates. In 

addition to ee basic gates, there are two universal gates called NAND and NOR They 

are called un.versa gates because any circuit of any complexity can be constructed using only 

NANO gates or only NOR gates. In addttion, there are two more gates called XOR and XNOR 

Wc will loam about the characteristics of these gates and flip-flops in the later chapters. 

i 1 ' ^ 1 counters, shift registers, 

arithmetic circuits, comparators, encoders, decoders, code converters, multiplexers, 

demultiplexers, memories, etc. can be constructed. These more complex logic functions can 

then be combined to form complete digital systems to perform specified tasks. 


1.4 FUNCTIONS OF DIGITAL LOCIC 

Many operations can be performed by combining logic gates and flip-flops. Some of the more 
common operations are arithmetic operations, comparison, code conversion, encoding, 
decoding, multiplexing, demultiplexing, shifting, counting and storing. These are all discussed 
thoroughly in the later chapters. The block diagram operation is given below. 

Arithmetic Operations 

The basic arithmetic operations are, addition, subtraction, multiplication and division. 

The arithmetic operation of addition is performed by a digital logic circuit called the adder. 
Its function is to add two numbers addend (A) and augend (B) with a cany input (Cl), and 
generate a sum term (S) and a carry output term (CO). Figure 1.3a is a block diagram of an 
adder. It illustrates the addition of the binary equivalents ot 8 and 6 with a carry input ot 1, 
which results in a binary sum term 5 and a carry output term 1. 

The arithmetic operation of subtraction can be performed by a digital logic circuit called 
ihe subtractor. Its function is to subtract subtrahend (A) from minuend (B) considering the 
borrow input (BI and to generate a difference term (D) and a borrow output term (BO). Since 
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_I output t 
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Y difference 5 
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subtraction is equivalent to addition of a negative number *• 

us.ng an adder. Figure 1,3b is a block diagram of a sublrae'lor ^ in I* PCrfomied by 

the binary equivalent of 3 from the bina^ equivalent of 8 with fET* " SUb,rac,io " of 
"*"* in a binary difference tenn 5 and a borrow output t™ , ° W mpU, ° f >■ ^,ch 

■he 2 3 f ^ * 

product term (P). Since multiplication SSSffit < B > ge " Crate > h < 
of the partial products, it can be performed using an adder F' ns w ' th shifts in the positions 

a multiplier. I, illustrate multiplication of 6 by 4, which''results in" 'the'pmdtf 


Binary 
input 
digits 



Multiplier P 



B 


Binary 
product 2 4 


Binary 
input 
digits 


30 C 


4 r 


J 


(a) The multiplier 


A 

Q j 

Divider 

B 

R ' 


Binary 
quotient 7 


^Remainder 2 


(b) The divider 

Fig. 1.4 The multiplier and the divider. 

performed b^an^dder°its^f *** T" * 

generate a quotient te™ (Q, and a m^er “e™ W ]£?Ubtf T 2? f 
d,vlder - H illustrates the division of the binary equivalent of TO hv .b l b * T"" 3 

Which results in a binary quotient term 7 and a ramalnder L™ 2. ^ eqU,Valen ' ° f * 

Encoding 


f^"1s iS a dt dev ° f r Vert ' nE 3 familiar number ° rs y mb °' 10 «dcd form. An 
“ ' a Sa d c ' g r^ C rj bat ,r ,VeS digi ' S (dedmal - 0ctal ' elcd - or alphabets, or special 

Shown in Fig. 1.5a, a HIGH 

S? <ABC) 03 " ° U,PU ‘ lCTel ^ 


Decoding 


Decoding is the inverse operation of encoding. A decoder converts binary-coded information 
(ABC) to unique outputs such as decimal, octal digits, etc. In the binary-to-octal decoder shown 
in Fig. 1.5b, a combination of specific levels on the input lines produces a HIGH on the 
corresponding output line. The figure illustrates decoding of the binary 110 to octal digit 6. 

Multiplexing 


Multiplexing means sharing. It is the process of switching information from several lines on to 
a single line in a specified sequence. A multiplexer or data selector is a logic circuit that accepts 
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Fig, 1 .5 The encoder and the decoder. 
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several data inputs and allows only one of them to get through to the output. It is an A-to-l 
device. In the multiplexer shown in Fig. 1.6a, if the switch is connected to input A for time 
to input B for time / 2 > to input C for time / 3 and lo input D for time the output of the 
multiplexer will be as shown in the figure. This figure illustrates a 4-to-1 multiplexer. 



t, 

fr - 

A*-- 


Demultiplexer 


A LOW during t, 
8 HIGH during ^ 
C LOW during t 3 
D HIGH during U 


(a) The multiplexer 


(b) The demultiplexer 


Fig. 1.6 The multiplexer and the demultiplexer. 


Demultiplexing 

Demultiplexing operation is the inverse ot multiplexing. Demultiplexing is the process ot 
switching information from one input line on to several output lines. A demultiplexer is a 
digital circuit that takes a single input and distributes it over several outputs. It is a -to-/ 
device. In the demultiplexer shown in Fig. 1.6b, if the switch is connected to output A for time 
'b to output B for time to output C for time f 3 and to output D tor time t 4 the output of the 
demultiplexer will be as shown in the figure. The figure illustrates a to emu l P exer - 


Comparison 

A logic circuit used to compare two quantities and give an output signal indicating whether the 
two input quantities are equal oitf iod and 

□ u 




f / 




J i 

1 





































































































































8 i-unaamenials of Digital Circuits 


comparator. Figure |.7a shows the block diagram of a comoaratnr -n, k- 

■ Tn", ?.*.* r >tt aspy- a. zzzssxz 

n, figure OMa. ££ Z Jglgggg {£•*« 
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l Output 
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(a) The comparator T/ 

(b) The code converter 

Fig. 1.7 The comparator and the code converter. 

Code Conversion 

——- "»«• . .m sss&s.’ssss, sr 

Storage 

tem^stfri^ !n°d f IbiX“T T" eSSen "' al in disital Di ^ circuits used for 

Counting 

Tte cot ^ ng operatioa fe very important in digital systems. A logic circuil used io count the 
number of pu ses inputted to it, M called a counter. The pulses may represent some events. In 
order to count, the counter must remember the present number, so that it can go the next 
proper number m the sequence when the next pulse comes. So, storage elements, i.e. Ilip-llons 

arc used to bund counters too Fioim* 0^1 cf hU I aaL « a. ___ r 


Frequency Division 

A counter can also be used to perform frequency division. To divide a signal of frequency 
/by N, the signal is applied to a mod-jV counter. The output of the counter will be of frequency 
/ V. Figure 1.9b shows the block diagram of a frequency divider. 
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(a) Storage of data 
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Fig. 1.8 Storage and transfer of data 
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(a) The counter 


(b) The frequency divider 

Fig. 1.9 The counter and the frequency divider. 


Data Transmission 


! of the most common operations that occurs in any digital system is the transmission of 
information (data) from one place io another. The distance over which information is 
transmitted may be very small or very large. The information transmitted is in binary form, 
representing voltages at the outputs of a sending circuit which are connected to the inputs of 
a receiving circuit. There are two basic methods for transmission ot digital information: 
parallel and serial . 

In parallel data transmission, all the bits are transmitted simultaneously. So, one connecting 
line is required for each bit. Though data transmission is faster, the number of lines used 
between the transmitter and the receiver is more. This system is therefore complex and costly. 
On the other hand, in serial transmission, the information is transmitted bit-by-bit. So, only one 
connecting line is sufficient between the transmitter and the receiver. Hence, a serial 
transmission is simpler and cheaper, but slower. The principal tradeoff between parallel and 
serial transmissions is, therefore, one of speedversus circuit^mphcUy. Figurel.JOa sows 
Parallel data transmission of 8 bits i ntflFig. Iflltfthows 
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Transmitter A 
(Circuit A) ^ 


Receiver 
(Circuit B) 


Fig- 1.10 Parallel and serial data transmission. 


(b) Serial transmission of data 


1.5 DIGITAL INTEGRATED CIRCUITS 

AH ot the logic functions that we have enumerated t a 

«fttsar 

semiconductor materia. (usualfysiticon) catted 

discrete drcuih^ &T ^7 smaIIer size and hi £ h reliability over 

made’ to *** ‘ ‘ ireui * — ■» ‘-on, 

process !™ ICS c^nmLndt ‘° ‘T*’"” T P ° Wer CirCUi ‘ 0perations such «• infonnation 
devices would ca^ theTe^ 7 86 V °“f geS or “ “«* heat generated in such tiny 

of ics rc S c a mr t c, pe 7 ,or,sebeyondac “p ,abie ***™ bumi ng ou , 

inductors, ^ ^ reSiS ‘° rS ’ 

ICs may be classified as analog (linear) and digital. Digital ICs are complete functioning 
blocks as no additional components are required for their operation. The output may be 
obtained by applying the input. The output is a logic level 0 or 1. For analog ICs, external 
components are required. Digital ICs are a collection of resistors, diodes, and transistors 
fabricated on a single chip. The chip is enclosed in a protective plastic or ceramic package from 
which pins extend for connecting ICs to other devices. There are two main types of packages: 
dual-in-line package (DIP) and the flat package. 

Levels of integration 

Digital ICs are often categorized according to their circuit complexity as measured by the 
number of equivalent logic gates on the substrate. There are currently five standard levels of 
complexity. 

Small scale integration (SSI)* The least complex digital ICs with less than 12 gate circuits 
on a single chip. Logic gates and flip-flops belong to this categoiyr. 
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complex logic circuits such as encoders decoders 7 ° n a Single ch ' Pl ,hc more 

circuits, etc belong to this category. ’ C °“ merS ' reg ' S,crs - m “'‘,plexers. arithmetic 


4 ^ gate circuits on a 

memories and small microprocessors fall in this category’. 


single chip, small 


, . ^ i . c *« * » , * ICs with complexities ranging from 10,000 to 99,999 

gate circuits per chip fall in this category. Large memories and large microprocessor systems, 
etc. come in this category. 


Ultra large scale integration (ULSI). With complexities of over 100,000 gate circuits per 
chip, very large memories and microprocessor systems and single-chip computers come in this 

category. 

Digital ICs can also be categorized according to the principal type of the electronic 
component used in their circuitry. They are: 

(a) Bipolar ICs—which use BJTs 

(b) Unipolar ICs—which use MOSFETs. 


Several integrated-circuit fabrication technologies are used to produce digital ICs. 
Presently, digital ICs are fabricated using TTL, ECL, IIL, MOS and CMOS technologies. Each 
differs from the other in the type of circuitry used to provide the desired logic operation. While 
TTL, ECL and IIL use bipolar transistors as their main circuit elements, MOS and CMOS use 
MOSFETs as their main circuit elements. These technologies are also called logic families. 
Several sub-families of these main logic families are also available. 


1.6 MICROPROCESSORS 


A microprocessor is a LSI/VLSI device, that can be programmed to perform arithmetic and 
logic operations and other functions in a prescribed sequence for the movement and processing 
of data. Microprocessors are available in word lengths of 4, 8, 16, 32 and 64 bits. Presently, 
128-bit microprocessors are being used in some prototype computers. The 4-bit processors arc 
virtually obsolete. Because of their small size, low cost and low power consumption, 
microprocessors have revolutionized the digital computer system technology. The 
microprocessor is used as the central processing unit in microcomputer systems. The speed ot 
the microprocessor determines the maximum speed of a microcomputer. 

The arrangement of circuits within the 
microprocessor (called its architecture) permits 
the system to respond correctly to each of the 
many different instructions. In addition to arith¬ 
metic and logic operations, the microprocessor 
controls the flow of signals into and out ot the 
computer, routing each to its proper destina¬ 
tion in the required sequence to accomplish a 
specific task. The interconnections or paths along 
which signals flow are called buses. Figure 1.11 
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1.7 DIGITAL COMPUTERS 

data (usually i„ binary fom) S!! T"*'’ 0 " 5 ’ manipulates 
the things which a computer can do, the commiter dnt>* th k- S h man bein S s can do most oi 
accuracy. The computer, however, has to given a complete^'V"^ grCa ‘ er speed and 

Programs are placed in the computer’s Z2R£S 1 cXfZ 1 *"** 

il3Vin S 3 unique code. The computer takes these instructing^! Wlth CaCh lnstructio " 
and Performs the operation called for by the code. L fr ° m memory one at a time 

Major Parts of a Computer 

There are several types of computer systems, but each can be broken down intn th 
functional units. Each uni, performs specific fi.nctic.ns, and all the u„“s Zc,io„ “o^t 

^ of he dv!T Ctl ° nS g ' Ve " ,hC Pr ° gram Figure 112 shows ">' five major function!" 
f . ftn th ^ d * glta computer and their interconnections. The solid lines with arrows represent 

w a in ormation. The dashed lines with arrows represent the flow of timing and control 
signals. The major functions of each unit are described below: 

Input unit. Through this unit, a complete set of instructions and data is fed into the memory 

uni. to be stored there until needed. The information typically enters the input unit by means 
of a magnetic tape, or a keyboard. 


From operator—> 



> To operator 


Fig. 1.12 Block diagram of the digital computer. 


Memory unit. In addition to the instructions and data received from the input unit, the 
memory stores the results of arithmetic and logic operations received from the arithmetic and 
logic unit. It also supplies information to the output unit 


Control unit. This unit takes instructions from the memory unit one at a time and interprets 
them. It then sends the appropriate signals to all the other units to cause the specific instruction 

to be executed. 

Arithmetic and logic unit. All arithmetic calculations and logical decisions are performed in 
th s unit. It then sends the results to the memory unit to be stored there. 
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n tout unit. This unit takes data from the memory unit and 
presents information to the operator. 


prints out, displays or otherwise 


1 g TYPES of computers 

The number of computet ■ : ■ lepends on the criteria used to classify them. Computers differ 
in their physical size, operating speed, memory capacity and processing capability as well as 
in respect of other characteristics. 1 he most common way to classify computers is by their 
physical size, which usually but not always is indicative of their relative capabilities. The three 
basic classifications are: microcomputer, minicomputer, and mainframe. 

The microcomputer is the smallest type of computer. It generally consists of several IC 
chips including a microprocessor chip, memory chips, and input-output interface chips along 
with input-output devices such as a keyboard and video display. Microcomputers resulted from 
the tremendous advances in IC fabrication technology that has made it possible to pack more 
and more circuitry into a small space. Figure 1.13 shows a block diagram of the microcomputer 

system. 

Minicomputers are larger than microcomputers and are widely used in industrial control 
systems, research laboratories, etc. They are generally faster and possess more processing 
capabilities than microcomputers. 

Mainframes are the largest computers. These maxicomputers include complete systems or 
peripheral equipment such as magnetic tape units, magnetic disk units, card punchers and 
readers (now obsolete), keyboards, printers and many more. Applications of mainframes range 
from computation-oriented science and engineering problem-solving to data-oriented business 
applications, where emphasis is on monitoring and updating of large quantities of data and 

information. 



Fig. 1.13 


Block diagram 


of the microcomputer system. 
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Fundamentals 


o f Digital Circuits 


SUMMARY 


Analog circuits are those in which voltaee-i anH n..™ * 

given range. S nents var > continuously through th, 

Digital circuits are those in which the voltage levels can assume i 
distinct values. S can assume only a finite number 

eaSICr » * "Oise. more accuiati 

iTanalog" 0 " 6 «*** **“**• « <»a t , -real wor.d is no, digita,. i 

Hybrid systems employ both analog and digital techniques 

vo.^d.£ C 0 SyStem ' ' he HIGH V0,tage ’ eVel ">* * -d the LOW 

^ L ° W V ° l,age ,eVel repreSen,S l0 « lc 1 ■"< the HIGH 


e amplitude of a pulse is the height of the pulse, usually expressed in volts, 
se time is the time taken by the pulse to rise from 10% to 90% of its amplitude 

• Fall time is the time taken by the pulse to fall from 90% to 10% of its amplitude 

• Pulse width is the time interval between the 50% points on the leading and trailing edges 
. Pulse wavefotms may be periodic or non-periodic. 

• A periodic pulse waveform repeats itself at regular intervals of time called the period (T). 

• A non-periodic pulse wavefotm does not repeat itself at regular intervals of time and may 

uomposed of pulses of differing pulse widths and/or differing time intervals between 
the pulses. 

• Duty cycle of a periodic pulse waveform is the ratio of the ON time to the period of the 
waveform. 


• Encoding is the process of converting a familiar number or symbol to some coded form. 
An encoder is a digital device that performs encoding. 

• Decoding is the process of converting binary coded information to a familiar number or 
symbol. A decoder is a digital device that performs decoding. 

• Multiplexing is the process of switching information from several lines on to a single line 
in a specified sequence. A multiplexer or data selector is a logic circuit that accepts 
several data inputs and allows only one of them to get through to the output. 

• Demultiplexing is the process of switching information from one input line on to several 
output lines. A demultiplexer is a digital circuit that takes a single input and distributes 
it over several output lines. 

• A comparator is a logic circuit used to compare two quantities and give an output signal 
indicating whether the two input quantities are equal or not, and if not which of them is 

greater. 

• A code convener is a logic circuit used to convert information coded in one form to 
another form. 
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• Digital circuits used for the temporary storage and shifting of information are called registers. 

• ICs have the advantages of low cost, low power, small size and high reliability over 
discrete circuitry. 

• ICs are principally used to perform low power circuit operations such as information 
processing. 

• ICs cannot handle very large voltages or currents as the heat generated in such tiny 
devices will cause the temperature to rise beyond acceptable limits resulting in burning 
out of ICs. 

• ICs cannot easily implement certain electrical devices such as precision resistors, 
inductors, transformers, and large capacitors. 

• ICs may be analog or digital. 

• Digital iCs are complete functional blocks. The output is obtained by applying the input. 
No other components are required. 

• For analog ICs, external components are required to be connected to them for their 
operation. 

• Dual-in-line package and the flat-package are the two main types of IC packages. 

• Digital ICs may be classified as unipolar ICs or bipolar ICs depending on the principal 
component used. 

• Digital ICs are also classified in terms of gate circuits per chip—SSI (< 12), MSI (12 to 
99), LSI (100 to 9999), VLSI (10,000 to 99,999), and ULSI (> 100,000). 

• An integrated circuit (IC) is an electronic circuit constructed entirely on a tiny silicon 
chip. All of the circuit components are an integral part of the chip. 

• A microprocessor is a LSI/VLSI device that can be programmed to perform various 
digital functions in any specified sequence. 

• Computers differ in their physical size, operating speed, memory' capacity, and processing 
capability as well as in respect of other characteristics. 

• Based on the physical size, computers may be classified into microcomputers, 
minicomputers, and mainframes. 


1 . 

2 . 

3, 

4. 


5 . 

6 . 


QUESTIONS 

What are the advantages of digital systems over the analog systems? What is the chief 
limitation to the use of digital techniques. 

What are the two voltage levels normally used to represent binary d.g.ts 0 and I. 

Why arc digital circuits also called (a) logic circuits, and (b) switching circuits. 

Explain the following terms: (a) Pulse, (b) Leading edge of a pubMc)Tiling c gc o 
a pulse, (d) Positive pulse, (e) Negative pulse, (f) Pulse width, (g) Amplitude o, a pulse, 

(h) Rise time of a pulse, and (i) Fall time of a pulse. 

What is the difference between periodic and non-periodic pulse waveforms. 

What do you mean by the duty cycle of a periodic pulse waveform. 

A A frhcC r%f\A A A 
























16 


Fundamentals of Digital C 


ircuits 


* * 


8 . 

9, 

10 . 

11 . 

12 . 

13. 

14. 

15. 

16. 
17. 


wh - * m m r T d a nc8ativc io8ic sys,em? 

’*•“ *■ fenta. ,r Jt „„, ^ i™, 

— 01 ** <»«. ,c. „ lc 

How are ICs classified? 

Ware the adv amages and drawbacks of ICs? Whv m 

voltages and cun-ents? C Why ICs can not handle very large 

DiSCUSS thc levels of integration of ICs. 

Name the two commonly used IC packages. 

H*hat is a microprocessor? 

Name the five major functional units of a digital computer 
Name the three classes of computers based on physical size. 


Chapter 2 


NUMBER SYSTEMS 


2.1 THE DECIMAL NUMBER SYSTEM 


We begin our study of the number systems with the familiar decimal number system. The 
decimal system contains ten unique symbols, 0, 1,2, 3, 4, 5, 6, 7, 8, and 9. Since counting 
in decimal involves ten symbols, we say that its base or radix is ten. There is no symbol 
for its base, i.G. for ten. It is a positional weighted system. It means that the value attached 
to a symbol depends on its location with respect to the decimal point. In this system, any 
number (integer, fraction, or mixed) of any magnitude can be represented by the use of 
these ten symbols only. Each symbol in the number is called a digit. 

Thc left most digit in any number representation, which has the greatest positional 

weight out of all the digits present in that number, is called the most significant digit (MSD) 
and the right most digit which has the least positional weight out of all the digits present 
in that number, is called the least significant digit (LSD). The digits on the left side ot the 
decimal point form the integer part of a decimal number and those on the right side form 

the fractional part. The digits to the right ot the decimal point have weights which are 

negative powers of 10 and the digits to the left of the decimal point have weights \vhi>.h 

are positive powers of 10. 

The value of a decimal number is the sum of the products of the digits of that number 
with their respective column weights. The weight ot eaeii column is 10 times greater than 

the weight of the column to its right. q , . 

The first digit to the left of the decimal point has a weight of unity or 0 , the second 

digit to the left of the decimal point has a weight ot 10 or 10 , th, t ir tas a weigv 

of 100 or 10 ! , and so on. The first digit to the right of the decimal point ^ a weigh, ot 

1/10 or 10-the second digit to the right has a weight of 1/100 or 10 , the third has 

weight of 1/1000 or 10”\ and so on. 

In general, the value of any mixed decimal number 

4, 4,-t 4,-2 • • • 4 ■ d -' ^ d - 1 " d - 1 


is given by 

« x 10") + (</„_, 

+ {d ^2 x 10 “ 2 ) +. 

Consider the decimal number 9256.26 using digits 

41 4 


X 10 "”') + . . ■ + (</, X 10 ') + ( 4 , * I0 °) + x 10 } 

ieits 2, 5, 6, 9. This is a mixed number. 
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Hence, 

• » X IOPO . J » 100 , , * , , „ , , 

n :r 6 ' 92 h !’ " Sin8 ' hC SamC di8i!S 2 ’ 5 ’ 6 ' «■ Here, 

- -.69 6 x 10 + 5 x 10 2 + 9 x I0 1 + 2 x lft° + ft _ . 

xt u 1 x 10 + 6 x 10 ■' + 9 x ur 2 

ote the difference in position values of the same disits «/h 
positions. me dl S lt s, when placed in different 

Nine's and Ten's Complements 

JecJai nuXTm °/ ThetTcoIIemcm oTT* \ "'*"** ^ di <* ° f «* 

a 1 ,o its 9’s complement of a dec.mal number is obtained by adding 

To perform decimal subtraction using the 9’s comnlwnont a u • 

reTulfl7'he° f thC ?* add “ ,0 the minucnd ' Ca " «*« number’ 

result. I! there is a cany, ,t uid.cates that the answer is positive. Add the carry to the LSD 

his result to get the answer. The canry is called the end around carry If there is no carry 

Tak tHat an$Wer 15 nCgatiVe and the intermcdiat e result is its 9’s complement’ 

_the 9 s complement ot this result and place a negative sign in front to get the answer 

, P erfo ™ decimal subtraction using the 10’s complement method, obtain the 10’s 

complement ot the subtrahend and add it to the minuend. If there is a carry, ignore it. The 

presence of the cany indicates that the answer is positive; the result obtained is itself the 

answer If there is no carry, it indicates that the answer is negative and the result obtained 

is 10 s complement. Obtain the 10’s complement of the result and place a negative sign 
in front to get the answer. 


EXAMPLE 


(a) 3465 


(bj 782.54 


(c) 4526.075 


Solution 


(a) 9 9 9 9 

- 3 4 6 5 

6 5 3 4 ' 9’s complement 

of 3465) 

(c) 9 9 9 9.9 9 9 

-4526.075 


(b) 9 9 9.9 9 

- 7 8 2.5 4 


2 1 7.45 (9’s complement of 782.54) 


5 4 7 3.9 2 4 (9's complement of 4526.075) 


EXAMPLE 


fa) 4069 


(b) 1056.074 
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Solution 

(a) 


9 9 9 9 

4 0 6 9 

5 9 3 0 

+ 1 

5 9 3 1 


(9’s complement of 4069) 

Add 1 

(10’s complement of 4069) 


9 9 9 9.9 9 9 
1 0 5 6.0 7 4 

8 9 4 3.9 2 5 

+ 1 


(9’s complement of 1056.074) 

Add 1 


8 9 4 3.9 2 6 (10's complement of 1056.074) 

EXAMPLE 2.3 Subtract the following numbers using the 9’s complement method. 


(a) 745.81 - 436.62 


(b) 436.62 - 745.81 


Solution 


(a) 745.81 

-436.62 


3 0 9.1 9 


(b) 


4 3 6.6 2 

- 7 4 5.8 1 

- 3 0 9.19 


7 4 5.8 1 
+ 563.37 

0 3 0 9.1 8 

+ 1 

3 0 9.19 

436.62 
+ 2 5 4.1 8 

690.80 


(9's complement of 436. 1 

(Intermediate result) 

(End around carry) 

(Answer) 


(9’s complement of 745.81) 
(Intermediate result with no carry) 


The 9’s complement of 690.80 is 309.19. 
Therefore, the answer is - 309.19. 


EXAMPLE 2.4 Subtract the following numbers using the 10 s complement method 


(a) 2928.54 - 416.73 


(b) 416.73 - 2928.54 


Solution 


(a) 2 9 2 8.5 4 

- 0416.73 


2928.54 
+ 9 5 8 3.2 7 


(b) 


2 5 1 1.81 

The answer is 2511.81. 

0 4 16.73 
-2928.54 => 


0 2 5 1 1.81 


(10’s complement of 416.73) 
(Ignore the carry) 


0416.73 
+ 7 0 71.4 6 


2 5 1 1.81 


7 4 8 8.19 


1 10's complement of 2928,54) 
(No carry) 


The 10’s complement of 7488.19 is 2511.8L 
Therefore, the answer is — 2511^1 
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Fundamentals of Digital Circuits 

the binary number system 


Th » u; 

1,rc runary number sv<t«>m ,, ■ • 

number system is 2 H -n ? pOSI,lonal weighted system The h» 

4 *>™bol. The symbols used are 0 and I A "l Symbols - The »ase itse f 'an , ." 

S Of a sequence of bhs ea 0 - T * ° alled 4 b “- Abhaaty^nunlh^ 

separates the inte^r m-i r *• u hith is either a 0 or \ i ti . ^ num ^ € 

position relative to the binlrv ooi fTri, E3Ch digit (bit) carries a weight w? P ° in 

* greater than the weight of the position to itaimmJ^T * \ pos,tton is one power o 

0t the bina O point has a weight of 2° and thV T nght - The first bit to the | cf 

“ bit * .«* has a weight of2' and i s ilT .“"f - the uni,s '°'umn. Th, 

s:. has a weight of 2- and it is in the 4's column 2 column - The third bit to the 

e. the binary point has a weight of 2 1 and it is ’ " d ° n ' The ,lrsl bit to the right 

right bi, with a weigh, of r 8 > is in the Ud’s 0 ^'° and"' ' hC " 2 ' S 
The decimal value nf th* u; , » column, and so on, 

multiplied by the weights of their TOpectTve positions'Tn 1 ° f ‘ he , Pr ° dUCtS ° f a " i,s bils 
» tmeger part of (n + ,) bits and a frac[ion par , 'S.T^ 


d n _ , d 


I W /T - 2 


i's decimal equivalent is 


- ^1 <4 ^-1 ^2 </_3 . . . d _ 


X 2") + x 2"-') + ... + ,d lX2 t ) + (</o x 2#) 

+ K, X 2" 1 ) + (d r _ 2 X 2~ 2 ) + . . , 

In general, the decimal equivalent of the number d d , dd d d 

system with base b is given by " * ' ' 10 ' -f -2 ■ • • m any number 

{d n x b n ) + ( d n x b"- 1 ) + . . . + (d x x b ] ) + (d 0 x b°) 


+ (d. 1 x b~ *) + (d_ 2 x ZT 2 ) 




# 1 


nUmbCr SyStem ,s used ,n di 8' ,al computers because the switching circuits 

c» bl OFF or or “l tW0 'f ,e devices Such 45 ^nsistors, diodes, etc. A transistor 
cat be OFF or ON, a sw.tch can be OPEN or CLOSED, a diode can be OFF or ON, etc. 

‘ ese devices have to exist in one of the two possible states. So, these two states can be 
represented by the symbols 0 and 1, respectively. 

Counting in Binary 

Counting in binary is very much similar to decimal counting as shown in Table 2.1. Start 
- r.g J. the next count is 1. We have now exhausted all symbols; therefore we 

put a 1 in the column to the left and continue to get 10, II. Thus, II is the maximum 
we car. count using two bits. So, put a I in the next column to the left and continue 
courting: we can count 100. 101, ) 10, 111. The largest number we can count using three 
: • 1 ’ 1. Pul a : to the left and continue; we get, 1000, 1001, 1010, 1011, 1100, 1101, 

10. 1111 The maximum count we can get using four bits is 1111. Continue counting 
a ith 5. 6. . . . bits as shown in Table 2.1. 
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Table 2.1 Counting in binary 


Decimal number 

Binary number 

Decimal number 

Binary 

number 

0 

1 





0 

20 


1 

0 

1 

0 

0 





1 

21 


1 

0 

1 

0 

1 

2 




1 

0 

22 


1 

0 

1 

1 

0 

3 




1 

1 

23 


1 

0 

1 

1 

1 

4 



1 

0 

0 

24 


1 

1 

0 

0 

0 

5 



1 

0 

1 

25 


1 

1 

0 

0 

1 

6 



1 

1 

0 

26 


1 

1 

0 

1 

0 

7 



1 

1 

1 

27 


1 

1 

0 

1 

1 

8 


1 

0 

0 

0 

28 


1 

1 

1 

0 

0 

9 


1 

0 

0 

1 

29 


1 

1 

1 

0 

1 

10 


1 

0 

1 

0 

30 


1 

1 

1 

1 

0 

11 


1 

0 

1 

1 

31 


1 

1 

1 

1 

1 

12 


1 

1 

0 

0 

32 

1 

0 

0 

0 

0 

0 

13 


1 

1 

0 

1 

33 

1 

0 

0 

0 

0 

1 

14 


1 

1 

1 

0 

34 

1 

0 

0 

0 

1 

0 

15 


1 

1 

1 

1 

35 

1 

0 

0 

0 

1 

1 

16 

1 

0 

0 

0 

0 

36 

1 

0 

0 

1 

0 

0 

17 

1 

0 

0 

0 

1 

37 

1 

0 

0 

1 

0 

1 

18 

1 

0 

0 

1 

0 

38 

1 

0 

0 

1 

1 

0 

19 

1 

0 

0 

1 

1 

39 

1 

0 

0 

1 

1 

1 


An easy way to remember to write a binary sequence of n bits is: 

The right most column in ihe binary number begins with a 0 and alternates between 
0 and 1. 

The second column begins with 2(= 2 1 ) zeros and alternates between the groups of 

0 0 and 1 1. 

The third column begins with 4(= 2 : ) zeros and alternates between the groups of 
0 0 0 0 and 1 1 1 1. 

The fl 1 *' column begins with 2 f ' -1 zeros and alternates between the groups ot 2” 1 zeros 
and 2" 1 ones. 


Binary To Decimal conversion 

Binary numbers may be converted to their decimal equivalents by the positional weights 
method. In this method, each binary digit ot the number is multiplied by its position weight and 
the product terms are added to obtain the decimal number. 


EXAMPLE 2.5 Convert 10101, to decimal. 


Solution 


(Positional weights) 2' 1 2 3 2“ 2 1 
(Binary number) 10 10 


2 ° 

t =1(1 x 2 4 ) + (0 x 2 J ) + (1 x 2 2 ) + (0 x 2 1 ) + 



(1 x 2 a ) 
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= 16 
7 

* ‘ 10 


+ 


0 


+ 


= '’I 


+ 


0 


EXAMPLE 2.0 

Solution 


Convert 1101 1 . 101 2 to decimal. 


■>-* ■> 


; >: 


I I 0 


1 1 


2 ° 2 ~ 1 2 " 2 2 ~ 3 


10 1 = 


l'n 2) A° * 23) + <° * 22 ) + 0 x2') + (lx 2 °) 

+ (1x2 ) + (0 x 2~ 2 ) + (i x 2 -3 2) 

-16 + 8 + 0 + 2+1+0.5 + 0 

= 27.625 


) 

+ 0.125 


10 


EXAMPLE 2.7 Convert 100101 U to decimal. 

Solution 

S^Tng S "ih'th7e“ r left bin e^MSB^t^l “« nUmber as fo,Iows - 
the next bit to the right. ’ mUlt,ply *“ b " by 2 add the product to 

Multiply the result obtained in the previous ctm hv i ■ 

to the right. P Y <- nd add the product to the next bit 

Continue this process as shown below till all the bits in the number are exhausted. 


1 


0 

i 

T 


0 


1 


0 


1 x 2 + 0 = 2 


1 


▼ 


2 x 2 + 0 = 4 

▼ 

4x2+] 


1 


= 9 


9x2+0= 18 


18 x 2 + 1 = 37 


The above steps can be written down as follows: 


37 x 2 + 1 = 75 


Copy down the extreme left 

bit. 

i.e. MSB 

— 

1 


Multiply by 2, 

add 

the 

next 

bit 

(1 

X 

2) 

+ 

0 = 

2 

Multiply by 2, 

add 

the 

next 

bit 

(2 

X 

2) 

+ 

0 = 

4 

Multiply by 2, 

add 

the 

next 

bit 

(4 

X 

2} 


1 = 

9 

Multiply by 2, 

add 

the 

next 

bit 

(9 

X 

2) 

+ 

0 = 

18 

Multiply bv 2. 

add 

the 

next 

bit 

(18 

X 

2) 

+ 

1 = 

37 

Multiply by 2. 

add 

the 

next 

bit 

(37 

X 

2) 

+ 

1 = 

75 

The result is. 




1 

0 0 

] 

0 

1 

^2 - 

75 
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Decimal to Binary Conversion 


There are two methods to convert a decimal number to a binary number. These are the 
reverse processes of the two methods used to convert a binary number to a decimal 
number. 


First method. In this method, which is normally used only for small numbers, the values 
of various powers of 2 need to be remembered. For conversion of large numbers, we 
should have a tabic of powers of 2. In this method, known as the sum-of-weights method, 
the set of binary weight values whose sum is equal to the decimal number is determined. 
To convert a given decimal integer number to binary, first obtain the largest decimal number 
which is a power of 2 not exceeding the given decimal number and record it. Subtract this 
number from the given number and obtain the remainder. Once again obtain the largest 
decimal number which is a pow-er of 2 not exceeding this remainder and record it Subtract 
this number from the remainder to obtain the next remainder. Repeat the above process on 
the successive remainders till you get a 0 remainder. The sum of these powers of 2 
expressed in binary is the binary equivalent of the original decimal number. In a similar 
manner, this sum-of-weights method can also be applied to convert decimal fractions to 
binary. To convert a decimal mixed number to binary, convert the integer and traction parts 
separately into binary. In general, the sum-of-w r eights method can be used to convert a 
decimal number to a number in any other base system. 


Second method. In this method, the decimal integer number is converted to binary integer 
number by successive division by 2, and the decimal fraction is converted to binary fraction 
by successive multiplication by 2. This is also known as double-dabble method. In the 
successive division-by-2 method, the given decimal integer number is successively divided 
by 2 till the quotient is zero. The last remainder is the MSB. The remainders read from 
bottom to top give the equivalent binary integer number. In the successive muluplication- 
by-2 method, the given decimal fraction and the subsequent decimal Tactions are 
successively multiplied by 2, till the fraction part of the product is 0 or till the desired 
accuracy is obtained. The' first integer obtained is the MSB. Thus, the integers read from 
top to bottom give the equivalent binary fraction. To convert a mixed number to binary, 
convert the integer and fraction parts separately to binary and then combine them. 

In general, these methods can be used for converting a decimal number to an cquivae 
number in any other base system by jus. tearing 2 by the base b of that number Tte 

is. any decimal number can be converted to an equivalent number in any °‘ her b ^ s ^ em y 
the sum-of-weights method, or by the double-dabble method-repeated d,v,s,on-by-i for 




EXAMPLE 2.8 Convert 1 63.875 10 to binary. 


Solution 

The given decimal number is a mixed number, 
parts separately. 


We. therefore, convert its integer and traction 


The integer part is 163 10 . 
The largest number, which 


is a power of 2, not exceeding 163 is 128. 
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• remainder is 


128 = 2 7 
163 - 128 


Iooooooo, 

35 


1 he largest number, which a power of 2 


• fte remainder is 


not exceeding 35 i s 3? 

32 = 2 5 = 100000, 

35 - 32 = 3 


The largest number, which a power of 2, not exceed,,, 


o 


3 is 2 


The remainder is 


2 = 2 ’= 10 , 
3-2=1 

1 = 2 ° = u 


Therefore, 163 I0 = 10000000, + I00000 2 + 10, + l, = 


10100011, 


The fraction part is 0.875, 0 
The largest fraction, which is a power of 2. not c: 


xceeding 0.875 is 0.5 


The remainder is 

The largest fraction, which 


0.5 = 2~' = 0.100, 
0.875 - 0.5 = 0.375 


The remainder is 


is a power of 2. not exceeding 0.375 is 0.25 

0.25 = 2“ 2 = 0.01 2 
0.375 - 0.25 = 0.125 


‘ he largest fraction, which a power of 2, not exceeding 0.125 is 0.125 itself. 


Therefore. 0.875 ]0 
The final result is. 


0.125 = 2" 3 = 0.00 i, 

= o.ioo 2 + 0.01 2 + 0.001 2 = 0.111, 

163.875 ]0 = 10100011.1 U 2 . 


EXAMPLE 2.9 Convert 52 10 to binary using the double-dabble method. 

Solution 

VVe d,vide lhe S ivcn decimal number successively by 2 and read the remainders 
to get the equivalent binary number. 



Successive division 


Remainder 


2 

2 

2 

0 

2 

2 


52 


26 


13 


0 


0 

0 

1 

T 0 
I 1 
I 1 


Reading the remainders from bottom to top, the result is 52 10 = 110100, 
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EXAMPLE 2.10 Convert 0.75 10 to binary using the double-dabble method. 

Solution 

Multiply the given fraction by 2. Keep the integer in the product as it is and multiply the 

new fraction in the product by 2. Continue this process and read the integers in the products 
from top to bottom. 

Given fraction 0.75 

Multiply 0.75 by 2 I 1.50 

Multiply 0.50 by 2 i 1.00 

Reading the integers from top to bottom, 0.75, 0 = 0.11,. 

EXAMPLE 2.11 Convert 105.15 ]0 to binary. 

Solution 


Conversion of integer 105. 


Successive division 

Remainder 

2 

105 


7 

52 

1 

2 

26 

0 

2 

13 

0 

2 

6 

1 

2 

3 

T 0 

2 

1 

1 1 


0 

I 1 


Reading the remainders from bottom to top, 105 lo - 1101001,. 
Conversion of fraction 0.15 to 


Given fraction 



0.15 

Multiply 0.15 

by 

2 

0.30 
1 ^ ^ „ 

Multiply 0.30 

by 

2 

1 0.60 

Multiply 0.60 

by 

2 

| 1.20 

Multiply 0.20 

by 

2 

i 0.40 

Multiply 0.40 

by 

2 

0.80 

Multiply 0.80 

bv 

2 

1.60 


This particular fraction can never 


be expressed exactly in binar\. This proc ess ^naj^ 


terminated after a few steps. 

Reading the integers from top to bottom, 0.10.00100U* 
Therefore, the final result is, 105J5 lo — 1101001*001001 2 - 
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Binary Addition 

The rules tor binary addition are the following: 

0 + 0 = 0 ; 0+1 = ]; ] + 0 _|, 

EXAMPLE 2.12 Add the binary numbers 1010 and 111. 
Solution 

16 8 4 2 I (Column numbers) 


1 + 1 = 


10, i.e. 0 with a carry of i 


+ 


10 10 
1 1 1 


1 0 0 0 1 


In the l's column 
In the 2’s column 
In the 4's column 
In the 8’s column 


0 + 1 
1 + 1 
0+1 + 1 
I + 1 


= 1 


0, with a carry of 1 to the 4’s column 

0, with a cany of 1 to the 8’s column 

0, with a carry of 1 to the 16’s column. 


EXAMPLE 2.13 Add the binary numbers 1101.101 and 111.011 


Solution 


8 4 2 1 


1 2 '*>- 3 


(Column numbers) 



In the 
In the 
In the 
In the 
In the 
In the 
In the 


— 3 f 

2 ’s column 
2~ 2 ’s column 
2" ’s column 
l’s column 
2’s column 
4’s column 
8’s column 


1 + 1 
0+1 + 1 
1 + 0 + I 
I + 1 + 1 
0+1 + 1 
1 + 1 + 1 
1 + 1 


0, with 
0, with 
0, with 
1, with 
0, with 
1, with 
0, with 


a carry 
a carry 
a carry 
a carry 
a carry 
a carry 
a carry 


of 1 
of 1 
of I 
of 1 
of 1 
of 1 
of 1 


to the 
to the 
to the 
to the 
to the 
to the 
to the 


2“ 2 column 
2~ column 
1 ’s column 
2’s column 
4’s column 
8’s column 
16’s column 


Binary Subtraction 


The binary subtraction is performed in a manner similar to that in decimal subtraction. The 
rules for omary subtraction are: 


0-0 = 0 ; 1 - 1 = 0 ; 1 - 0 = 1 ; 

EXAMPLE 2.14 Subtract 10 2 from 1000 2 . 

Solution 


0—1 — I, with a borrow of 1 


In the l’s column 0-0 = 0. 
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In the 2 s column, a 1 cannot be subtracted fmm & n. i t L a e 

, ~ irom a U, so, a 1 must be borrowed from 

t e s co umn * u e _^ s co umn also has a 0; so, a l must be borrowed from the 

8 s e° umn, makmg the 8 s column 0. The 1 borrowed from the 8’s column becomes 

, in e u ^ n ee P one 1 in the 4’s column and bring the remaining 1 to the 

2’s column. This becomes 10 in the 2’s column, so, 10 - 1 = 1 in the 2’s column. 
Therefore, 


In the 4’s column 
In the 8’s column 


1 - 0=1 

0 - 0=0 


8 4 
1 0 


Hence, the result is 01I0 2 . 


2 

0 

1 


1 

0 

0 


(Column numbers) 


0 110 


EXAMPLE 2,15 Subtract 111.111 2 from 1010.01,. 


Solution 

i - ‘ ~ 

8 4 2 1 

2 2 2 2~ 3 (Column numbers) 


1 

0 

1 0 . 

0 

1 

0 


1 

1 1 . 

1 

1 

1 

0 

0 

1 0 . 

0 

1 

1 


In the 2 " column, a 1 cannot be subtracted from a 0. So, burrow a 1 from the 2 2 column 
making the 2 _i column 0. The 1 borrowed from the 2~~ column becomes 10 in the 2 
column. Therefore, in the 2“ 3 column, 10 - 1 = I. 

In the 2” " column, a 1 cannot be subtracted from a 0. So, borrow a 1 from the 2' 
column, but it is also a 0. So, borrow a 1 from the l’s column. That is also a 0, so borrow 
a 1 from the 2’s column making the 2's column 0. This I borrowed from the 2's column 
becomes 10 in the l’s column. Keep one I in the l's column, bring the other I to the 2“ 
column, which becomes 10 in this column. Keep one 1 in the 2' column and bring the 
other 1 to the 2 2 column, which becomes 10 in this column. Therefore, 

In the 2 2 ’s column 10 — 1 = 1 

In the 2 ’’s column 1-1 = 0 

In the l’s column 1 — 1=0 

Now, in the 2’s column, a 1 cannot be subtracted from a 0; so, borrow a 1 from the 
4's column. But the 4’s column has a 0. So, borrow a 1 from the 8 s column, making 
the 8’s column 0, and bring it to the 4’s column. It becomes 10 in the 4 s column. Keep 
one 1 in the 4’s column and bring the second 1 to the 2 s column making it 10 in the 

2’s column. Therefore, 

In the 2’s column 10-1 = 1 

In the 4’s column 1-1 = 0 

In the 8’s column 0-0=0 

Hence, the result is 0010.011 2 - 
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Binary Multiplication 

There are two methods of binary multiplication_ 

method. Both the methods obey the following mult l p| 1 canon < ’ra|T s e ° d ^ ' he com P“«' 


^ x ^ i x I - 1; 1x0 = 0; 


0x|=o 


The paper method is similar to the multinli ration A - , 

Multiply the multiplicand with each bit of the m i*^ C, , , ^ ia numl ' LVS on P a Per. 

The partial product is the same as the multiplied if he muCiefh I” 8 Pim ' ai prod «s 
it the multiplier bit is a 0. multipher bit is a 1 and is 2erc 


2.16 Multiply HOI, by 110- 


Solution 


l T ~ 8 0f lhe m “ ll,plier is a °- So, the first partial product is 
■ The next two bits of the multiplier are Is. So the next two 

STnL Pn ? tS H arc equal t0 ,he multiplicand itself. The sum of 
the partial products gives the answer. 

EXAMPLE 2.17 Multiply 1011.101 2 by 101.01,. 

■mr 

Solution 


1 


X 


I I 0 ] 
1 1 0 


0 0 0 o 
110 1 
1 0 1 


10 0 1110 


10 11 
X 10 1 


1 0 
0 1 


1 

0 


I 

0 

1 


0 

0 

0 

1 


10 1110 

oooooo 

1 1 I 0 1 
0 0 0 0 
1 0 1 


I 


0 
0 

1 1 I 101.0 0001 


Computer Method of Multiplication 

be C u 0 sed U by the" toital'comn * ' ime Wi ‘ h 3 So - ,he pap « method canno, 

positions avahthll A Th7 \ ■ ‘ he COmputer has onl >' a fixed number of bi. 

number To muhmlv a hit num ! mu| tiplied by another p-bit number yields a 2p-bit 

an7^7 Jw, „ / " Umber by an ° ,her P- bit number . a P* i* multiplicand register 

o? the tfh r P , e eS ^T 8 ' S,er 3re reqUired - The mul,ipl ' er is placed in the left j-bits 
of the mult.pl,er/quonent MQ) reg,ster and the right p-bits are set to zero. This permits the 

MQ to be used as a dual register, which holds the multiplier and the partial (then final) 

results. The multiplicand is placed in the M register. The MQ register is then shifted one 

□it to the left. If a J is shifted out, M is added to the MQ register. If a 0 is shifted out, 

a 0 :s added to the MQ register. The entire process is repeated p (the number of bits in 

the multiplier) times. The result appears in the MQ register. 
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EXAMPLE 2.18 Multiply 1100, by 1001, using the computer method. 

Solution 

The computer method of multiplication is performed as shown below 


MQ register 



1 

0 

0 

1 

0 

0 

0 

0 






Shift MQ left 


1 

0 

0 

1 

0 

0 

0 

0 

0 

(A 1 

is 

shifted i 

out. So, add M to MQ) 

Add M 







1 

1 

0 

0 






Partial sum in 

MQ 


0 

0 

1 

0 

1 

1 

0 

0 






Shift MQ left 


0 

0 

1 

0 

1 

1 

0 

0 

0 

(A 0 

is 

shi fted 

out. So, add 

0 to MQ) 

Add 0 







0 

0 

0 

0 





Partial sum in 

MQ 


0 

1 

0 

1 

1 

0 

0 

0 






Shift MQ left 


0 

1 

0 

1 

1 

0 

0 

0 

0 

(A0 

is 

shifted 

out. So, add 

0 to MQ) 

Add 0 







0 

0 

0 

0 





Partial sum in 

MQ 


1 

0 

1 

I 

0 

0 

0 

0 






Shift MQ left 


1 

0 

1 

1 

0 

0 

0 

0 

0 

(A 1 

» 

IS 

shifted 

out. So, add 

M to MQ) 

Add M 







I 

1 

0 

0 






Final sum in MQ 


0 

1 

1 

0 

1 

1 

0 

0 







Binary Division 

Like multiplication, division too can be performed by two methods—the paper method and 
the computer method. In the paper method, long-division procedures similar to those in 

decimal are used. 

EXAMPLE 2.19 Divide 101101 2 by 110 2 . 

Solution 

Divisor 110 cannot go in 101. So, consider the first 4 bits 1011 ot the dividend. 110 can 
go in 1011, one time with a remainder of 101. Next, 110 can go in 1010, one time with 
a remainder of 100. Next, 110 can go in 1001, one time with a remainder of 11. Finally, 

110 can go in 110 with a remainder of 0. 

110)101 101 ( 111.1 

1 1 0 

1 0 l~0 

1 1_0 _ 

10 0 1 

1 1 0 

I 1'0~ 

1 I 0 


Therefore, 101101 110 = 111.1 


0 0 0 
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EXAMPLE 2.20 Divide 110101.11, by 101,. 
Solution 


1 0 1 )l 1 0 I 0 1 . 1 I ( j o 1 o II 
1 0 1 

Olio 

1 0 I 

1 1 I 

1 0 1 

1 0 1 
1 0 1 

0 0 0 

Therefore, 110101.11 + 101 = 1010.11 


Computer Method of Division 

The computer method of division involves successive subtraction «, 
eight-bit dividend by a four-bit divisor the Quotient will h, f a S p f We dlvlde an 

MQ register and the remainder in the Infillf n l ^ ^ d Ule r ' 8hl * ha ' f of 
register, and the divisor 7 he D regte The Lw isThf ll , ^ " the M< ? 

saiSK at I a b rfw 5 

sirssss fisaft aft 

of the MQ register. bltS ’ sufflc,entl y small to be contained in the right-half 

It r L" e f s 8 "^ ,e n 0ne biL 11,6 bit Shifted 0Ut ' a 0 or a I is no. lost. 

shift f the result,^ fl,p -. flop - and is used *» *> subtraction following the left 
h , the result °f subtraction is positive, a 1 is added to the LSB of the MO register where 

left one bit ^ *m! !!£S!^ ' f " 3 ne ® atlve ’ divisor is added to the MQ, and MQ is shifted 

MO^^ harhL P l o °a T r lh ‘ S bi ' ° f ,he 8U0 ‘'™‘ The process is continued 

a • . en four bits (the number of bits in the D reeister) 

The remainder is then n the left-half nf th„ iwn ■ * ' . tne re g )Stei > 

n halt ot the M Q register and the quotient in the right-half. 

EXAMPLE 2.21 Divide 32 by 5 in binary using the computer method. 

Solution 


Dividend = 32 = 100000 = 00100000 
Divisor = 5 = 101= 0101 

Computer division 

MQ 0 0 10 (Too 0 

Subtract D 0 1 Q l _ 

MQ 110 1 0 0 0 0 (Borrow is required; the result is negative; 

_division is valid) 


Contd. 
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Contd. 


Add D 

0 

1 

0 

1 






MQ 

0 

0 

1 

0 

0 0 

0 

0 

► 

(Original number) 


Shift MQ left 0 

0 

1 

0 

0 

0 0 

0 

0 


Subtract D 

0 

1 

0 

1 






MQ 

l 

1 

1 

1 

0 0 

0 

0 

(Result is negative) 


Add D 

0 

1 

0 

1 





MQ 

0 

1- 

0 

0 

0 0 

0 

0 



Shift MQ left 0 

1 

0 

0 

0 

0 0 

0 

0 



Subtract D 

0 

1 

0 

1 






MQ 

0 

0 

1 

1 

0 0 

0 

0 (Result is positive) 


Add 1 







1 



MQ 

0 

0 

1 

1 

0 0 

0 

1 



Shift MQ left 0 

0 

1 

1 

0 

0 0 

1 

0 



Subtract D 

0 

1 

0 

1 






MQ 

0 

0 

0 

1 

0 0 

1 

0 

(Result is positive) 


Add 1 







1 



MQ 

0 

0 

0 

1 

0 0 

1 

! 



Shift MQ left 0 

0 

0 

1 

0 

0 1 

1 

0 



Subtract D 

0 

1 

0 

1 






MQ 

1 

1 

0 

1 

0 1 

1 

0 

(Result is negative) 


Add D 

0 

1 

0 

1 






MQ 

0 

0 

1 

0 

0 1 

1 

0 

(Final answer) 


Result: Remainder = 

0 0 1 

0 

Quotient 

= 

0 1 

1 0 



2.3 REPRESENTATION OF SIGNED NUMBERS AND BINARY 
ARITHMETIC IN COMPUTERS 


So far, we have considered only positive numbers. The representation ot negative numbers 
is also equally important. There are two ways of representing signed numbers sign- 
magnitude form and complement form. There are two complement forms: 1 s complement 

form and 2’s complement form. , , . , 

Most digital computers do subtraction by the 2’s complement method, but some do it 

by the Ps complement method. The advantage of performing subtraction by the 

complement method is reduction in the hardware. Instead of havmg separate digiftd c reu.ts 

for addition and subtraction, only adding circuits are needed. That is, subtraction is also 

performed by adders only. Instead of subtracting one number from the other, the 

complement of the subtrahend is added to the minuend. , . - , . 

In sign-magnitude form, an additional bit called the sign btt is placed in from of the 

number. If the sign bit is a 0, the number is positive. If it ,s a I, the number is negative. 
For example. A 41 f\ A AA d 
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0 0 


“ + 41 


d 


l 


Sign bit 


Magnitude 


drn^TTTTT 

Magnitude 


41 


l nder the signed-magnitude system i a r r 

positive number to a negative number, 'fhus, though IT"’!,' 8 '” “ 10 *« a 

possible, it is impractical. " L J 8 ne d-magnitude number system 

Representation of Signed Numbers iicinn +i* A , 

Method wumoers Using the 2 s (or Ts> Complement 

The 2’s i s) complement system for representing signed numbers works like this: 

'■ a f st, “u pETn 6 ' frontT^hl 11 MSB. rePreSemed ilS ,mC bi " ary r °™ a "“ 

2. If the number is negative, the magnitude is represented in its 2's (or IV, 
complement form and a sign bit I is placed in front of the MSB.' ' 

... , rbal ,. 1S ; ‘° re P resew thf numbers in sign 2’s (or l’s) complement form, determine the 

* $ • iT T"' ° f , the magnitUde ° f the numbcr «“• «« at,ac h the sign'bh ** 

n , . ■ 5 (or l s) com P le ment operation on a signed number will change a positive 

is the same 3 as Xe'nroceTs^ rft Thc conversion of complement to tme binary 

of ;*: d ,, in b ,K T a v nVen ^ binary 10 com P lcm “t- The representation 

in both 2 s and 1 s complement forms is shown below: 



0 

| L 1 

1 

0 

0 

1 

1 

Sign bit 


Magnitude 



!L 

1 

1 

0 

0 

I 

1 , 

Sign bit 


Magnitude 


1 

L 

ofo 

1 

1 

0 

1 

Sign bit 


Magnitude 



1 ! 

0 

0 

1 

I 

0 

0 


Sign bit Magnitude 


+ 51 (In sign magnitude form) 
(In 2’s complement form) 
(In 1 ’s complement form) 

-51 (In sign magnitude form) 


-51 (In 2’s complement form) 


-51 (In I’s complement form) 


EXAMPLE 2.22 Each of the following numbers is a signed binary number. Determine the 
decimal -.aiue in each ease, if they are in (i) sign magnitude form, (ii) 2’s complement form, 
and (Hi) l’s complement form. 

(a, 01101 (b) 010111 (c) 10111 (d) 1101010 
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Solution 


Given number 

Sign magnitude form 

2 s complement form 

! ‘s complement form 

0 110 1 

+ 13 

+ 13 

+ 13 

0 10 111 

+ 23 

+ 23 

+ 23 

10 111 

- 7 

- 9 

- 8 

1 10 10 10 

- 42 

- 22 

- 21 


To subtract using thc 2 s (or 1 s) complement method, represent both the subtrahend 
and thc minuend by the same number of bits. Take the 2’s (or I’s) complement of the 
subtrahend including the sign bit. Keep the minuend in its original form and add the 2 s 
(or l’s) complement of the subtrahend to it. 

Thc choice of 0 for positive sign, and 1 for negative sign is not arbitrary. In fact, this 
choice makes it possible to add the sign bits in binary addition just as other bits are added. 
When the sign bit is a 0, thc remaining bits represent magnitude, and when the sign bit is 
a I, the remaining bits represent 2’s or l’s complement of the number. The polarity of the 
signed number can be changed simply by performing the complement on the complete 
number. 

Special case in 2’s complement representation. Whenever a signed number has a 1 in the 
sign bit and all 0s for the magnitude bits, the decimal equivalent is - 2\ where n is the 
number of bits in the magnitude. For ^xample r ^ I£lflO = - 8 and 10000 = - 16. 

Characteristics of the 2’s complement numbers. The 2’s complement numbers have the 
following properties: 

1. There is one unique zero. 

2. The 2’s complement of 0 is 0. 

3. The left most bit cannot be used to express a quantity. It is a sign bit. If it is a 

1, the number is negative and if it is a 0, the number is positive. 

4. For an n-bit word which includes the sign bit, there are 2 - 1 positive integers, 

2” 1 negative integers and one 0, tor a total of 2 unique states. 

5. Significant information is contained in the Is of the positive numbers and 0s of the 

negative numbers. 

6. A negative number may be converted into a positive number by finding its 2 s 
complement. 

Methods of obtaining the 2’s complement of a number. The 2’s complement of a number can 
be obtained in three ways as given below'. 

1. By obtaining the I’s complement of the given number (by changing all 0s to Is and 
Is to 0s) and then adding 1. 

2. By subtracting the given w-bit number N from 2 n . 
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ircuits 


3 S ' art,n S at the LSB, copvinq down enrh hi. 

encountered, and complementing the remainingMts. a " d ' nCludin S ,he first , 

2,23 Expn 

Solution 


bit 


^ess 


45 in S-bit 2’s complement form. 


+ **- s * n ^*bit form is 00101101. 

First method 

Obtain the I’s complement of 00101 101 and then add 
ot>iti\e expression of the given number 
I s complement of it 
Add 1 

Thus, the 2’s complement form of - 45 j s 
Second method 


1 



1 I 0 I o 0 1 1 


Subtract the given number N from 2 n 

T = 10 0000000 
Subtract 45 = - 0 0 1 0 I 1 0 1 

Thus, the 2’s complement form of - 45 is 1 1 0 1 0 0 1 ] 

Third method 


Copy down the bits starting from LSB 
the remaining bits. 


up to and including the first 1, and then complement 


Original number 

Copy up to the first 1 bit 

Complement the remaining bits 

Thus, the 2's complement form of - 45 is 


0 0 10 110 1 

1 

1 10 10 0 1 

110 10 0 11 


EXAMPLE 2.24 Express - 73.75 in 12-bit 2’s complement form. 

Solution 


+ 73.75 = V = 01001001.1100 
First method 


Positive expression of the given number 
Vs complement of it 
Add 1 

Thus, the 2’s complement of - 73.75 is 
Second method 

2* 

Subtract 73.75 

Thus, the 2’s complement of - 73.75 is 


0 1 0 0 I 0 0 1 . 1 100 
10110110.0011 

+ 1 

101 101 10.0100 


00000000 . 0000 
01001001 . 1 100 


101 101 10.0100 


I 
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fhird method 

Original number 

Copy up to the first 1 bit 

Complement the remaining bits 

Thus, - 73.75 in 2’s complement form is 

Two's complement Arithmetic 


010 01001 . 1 100 

1 0 0 

10 110 110.0 _ 

10110110.0100 


The 2’s complement system is used to represent negative numbers using modulus 
arithmetic. The word length of a computer is fixed. That means, if a 4-bit number is added 
to another 4-bit number, the result will be only of 4 bits. Carry, if any, from the fourth bit 
will overflow. This is called the modulus arithmetic. For example: 1100 + till = 1011. 

In the 2’s complement subtraction, add the 2 s complement of the subtrahend to the 
minuend. If there is a carry out, ignore it. Look at the sign bit, i.e. MSB of the sum term. 
If the MSB is a 0, the result is positive and is in true binary form. If the MSB is a 1 
(whether there is a carry or no carry at all) the result is negative and is in its 2 's complement 
form. Take its 2’s complement to find its magnitude in binary. 

EXAMPLE 2.25 Subtract 14 from 46 using the 8 -bit 2's complement arithmetic. 

Solution 

+ 14 = 00001110 

_ 1 4 = 1 1 1 1 0 0 1 0 (In 2*s complement form) 

+ 4 6 0 0 1 0 1 1 1 0 

_ | 4 ^ +11110010 (2's complement form of - 14) 

+ 32 ©00100000 (Ignore the carry) 

There is a carry, ignore it. The MSB is 0; so, the result is positive and is in normal binary 
form. Therefore, the result is + 00100000 = + 32 

EXAMPLE 2.26 Add - 75 to + 26 using the 8 -bit 2’s complement arithmetic. 


Solution 


+ 75 
-75 

+ 26 
-75 

-49 


0 1 0 0 1 0 1 1 

j 0 1 1 0 1 0 1 (In 2’s complement form) 

0 0 0 1 1 0 1 0 

+ 10 110 1 0 1 (2's complement form of - 75) 

(No carry) 


l 1 0 0 1 1 I i 


T v . .. w«o i s a 1 So the result is negative and is in 2’s complement 

There is no carry, the MSB is a I.j>». " lha( js OOHOOOI = 49. Therefore, 

Tn. The magnitude is 2’s complement of 

: result is - 49. 


Lfl i; i■ cine the 12 -bit 2 ’s complement arithmetic. 

AMPLE 2.27 Add - 45.75 to + 87.5 using tnt i- 


d 



61 




6 




n 


□ 
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Solution 


+87.5 01010111.1000 

- 4 5.7 5 => +1 1 01 0010.0100 (- 45.75 in 2’s complement form) 
+ 41.75 000101 001.1 100 (Ignore the carry) 

There is a carry, ignore it. The MSB is 0; so, the result is positive and is in normal binary 
form. Therefore, the result is + 41.75 

EXAMPLE 2.28 Add 27.125 to - 79.625 using the 12-bit 2’s complement arithmetic. 

Solution 

+ 2 7.1 2 5 000 11011.0010 

-79.625 => + 10110000.0110 (- 79.625 in 2’s 

- - complement form) 

- 5 2.5 0 0 110 0 1 011.10 0 0 (No carry) 

There is no carry, indicating that the result is negative and is in its 2’s complement form. 
The 2's complement of 11001011.1000 is 00110100.1000. Therefore, the result is - 52.5. 

EXAMPLE 2.29 Add - 31.5 to - 93.125 using the 12-bit 2’s complement arithmetic. 
Solution 

-93.125 10100010.1110 (— 93.125 in 2’s complement form) 

- 3 1.5 0 0 =$■ + 1 1 1 00000,1 0 0 0 (- 31.5 in 2’s complement form) 

-12 4.6 2 5 O 1 0 0 0 0 0 1 1.01 10 (Ignore the carry) 

There is a carry, ignore it. The MSB is a 1; so, the result is negative and is in its 2’s 

complement form. The 2’s complement of 1000 0011.0110 is 0111 1100.1010. Therefore, 
the result is - 124.625. 

EXAMPLE 2.30 Add 47.25 to 55.75 using the 2’s complement method. 

Solution 

47.25 00101111.0100 

5 5.75 =» +001 10111 , 1 100 

103.00 011 00111.0000 (No carry) 

T is no earn , and the MSB is 0. Therefore, the result is positive and is in its true binary 
form. Hence, it is equal to + 103.0. 

EXAMPLE 2.31 Add + 40.75 to - 40.75 using the 12-bit 2’s complement arithmetic. 
Solution 

+ 40.75 00101000.1100 

~ 4 0 • 7 5 + 11010 111.0100 (— 40.75 in 2’s complement form) 

00.00 000000000.0000 (Ignore the carry) 

There is a carry, ignore it. The result is 0. 
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one's complement Arithmetic 


The 1’s complement of a number is obtained by simply complementing each bit of the 

can also say that the 

l’s complement of a number is obtained by subtracting each bit of the number from 1. This 
complemented value represents the negative of the original number. This system is very easy 
to implement in hardware by simply feeding all bits through inverters. One of the difficulties 
of using l*s complement is its representation of zero. Both 00000000 and its l’s 
complement 11111111 represent zero. The 00000000 is called positive zero and the 11111111 
is called negative zero. 

EXAMPLE 2.32 Represent — 99 and - 77.25 in 8-bit I s complement form. 

Solution 

We first write the positive representation of the given number in binary form and then 
complement each of its bits to represent the negative of the number. 


(a) 


+ 99=01 100 0 11 
-99 = 1 001 l 100 


(b) 


+ 77 
-77 


2 5 
2 5 


01001 101.0100 
10110010.1011 


(In l’s complement form) 


(In l’s complement form) 


In l’s complement subtraction, add the l's complement of the subtrahend to the 
minuend. If there is a cany out, bring the carry around and add it to the LSB. This is called 
the end around carry . Look at the sign bit (MSB); if this is a 0, the result is positive an 
is in true binary. If the MSB is a 1 (whether there is a carry or no carry at all), the result 
is negative and is in its l’s complement form. Take its l’s complement to get the magnitude 

in binary. 

EXAMPLE 2.33 Subtract 14 from 25 using the 8-bit l’s complement arithmetic. 


Solution 

2 5 
- 1 4 


+ 1 1 



(In l’s complement form) 
(Add the end around cany) 


0 0 0 0 1 0 11 - + 11 


10 


EXAMPLE 2.34 
Solution 


+ 1 4 
-25 

- 1 1 


Add - 25 to + 14 using the 8-bit l’s complement method. 


0 0 0 0 1 1 lb 
+ 111 00 1 1 0 
l I I 10 1 00 


(In l’s complement torm) 
(No carry) 
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There is no earn and the MSB is a 1. So, the result is negative and is in. 

form. The I s complement of 11110100 is 00001011. The result is, therefore com P |eme W 

1 I I /, 


EXAMPLE 

Solution 

-25 

- 1 4 


-39 


1 1 1 0 0 I ] 0 

+ i i i i o o o i 

o 1 1 0 1 o 1 1 I 

* +1 


M 0 i I 0 0 0 


( n I’s complement form) 
(In I’s complement form) 

(Add the end Around carry) 


complement of 11011000 ifooiOOln^Cerefore.'fte"resull is™ m','" 1 ™' f0mi hc *’ s 

EXAMPLE 236 Add + 25 to + 14 ncin» tv,*, e u-» << , 

zo ro + 14 using the 8-bit I s complement arithmetic. 

Solution 


+ 25 
+ 1 4 

+ 39 


0 0 0 1 1 0 0 1 

+ 0 0 0 0 1 1 1 Q 

0 0 10 0 I 1 1 


There is no carry. The MSB is a 
the result is, 00100111 = + 39 . 


EXAMPLE 2.37 Add + 25 to — 25 usino tho s Kit i » i 

o using the 8-bit 1 s complement method. 

Solution 

+ 2 5 00011001 

——— ^ — 1 1 —- 0 0 1 10 ( ln I’s complement form) 

00 1 1 1 1 1 ] l i 


T^ e Jf n ° can y- The MSB is a 1. So, the result is negative and is in its l’s c< 
form. The 1 s complement of Illm 11 is 00000000. Therefore, the result is - 0 

EXAMPLE 2.38 Subtract 27.50 from 68.75 using the 12 bit l’s complement * 
Solution 


+ 6 8.7 5 01000100.1100 

— - ^ ~ 1 — ) I 0 0 1 0 0 . 01 1| (in r s complement form) 

+ 41.25 OO 0 1 0 1 0 0 I .0011 

___ + I (Add the end around carry) 

0010 1001 .0100 

The MSB is a 0 So, the result is positive and is in its normal binary form. Therefore, the 
result is + 41.25. 
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EXAMPLE 2 39 Add 8975 *° + 43 25 «** 12-bit l's complement method. 

Solution 


+ 43 
-89 


2 5 
7 5 


0 0 10 10 11 
+ 10 10 0 1 10 


4 6.50 


1 101 0001 .01 11 


0 10 0 

{} _f 1 1 (In l’s complement form) 


There is no carry. The MSB is a 1. So, the result is negative and is in its l’s complement 
form. The l’s complement of 11010001.0111 is 00101110.1000. Therefore, the result is 
- 46.50. 

Double precision Numbers 

For any computer the word length is fixed. In a 16-bit computer, that is, in a computer with 
16-bit word length, only numbers from + 2 !6_l - 1 (+ 32,767) to - 2 16 ' 1 (- 32,768) can 
be expressed in each register. If numbers greater than this are to be expressed, two storage 
locations need to be used, that is, each such number has to be stored in two registers. This 
is called double precision . Leaving the MSB which is the sign bit, this allows a 31-bit 
number length with two 16-bit registers. If still larger numbers are to be expressed, three 
registers are used to store each number. This is called triple precision. 

Floating Point Numbers 

In the decimal system, very large and very small numbers are expressed in scientific notation, 
by stating a number (mantissa) and an exponent of 10. Examples are 6.53 x 10 and 
1 58 x 10 21 Binary numbers can also be expressed in the same notation Dy stating a number 
and an exponent of 2. However, the format for a computer may be as shown below. 


Mantissa 


0110000000 


Exponent 

looi or 


In this machine the 16-bit word consists of two parts, a 10-bit mantissa and a 6-bit 

IxpoirThe manttssa is in 2's complement form. So* * %$£ “f £ 

sign bit. The binary point is assumed to be“f^'fegativeexponen^, the 
exponent could represent 0 through 63. H > v _ t 

number 32 I0 (100000 2 ) has been added to .the^ t0 the exponent given by the 
The actual exponent of the number ’ . ^ floa fl ng po i nt formats. It is called the 

6 bits minus 32. This is a common sys floating-point number shown above is 

excess-32 notation. According to these de i 


The mantissa portion 
The exponent portion 
The actual exponent 
The entire number 


+ 0 . 1 10000000 

1 0 0 1 o 1 

lOOlOl-MOOOOO 

> s = HOOOj « 24, 


=000101 


= AT = + 0.1100 2 X 2 


‘10 


i lie enure iiuiuuvi 

eac K computer having its own. 
There are many formats of floating P 01 ® 1 . ^vnonent: others use one and halt 
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WOrds for the mantissa, and a half word for the exoonent 

e^fs^no^on^r' IlT" 1 “ Venl1 fonna,S ’ <tependin 8 on < he accuracyT/sired's'’' 5 ' he 

^ n notm on tor the exponent, some use 2’s comnlempnt • Y d S ne Use 
magnitude tor both the mantissa and the exponent." C ° mp,ement ’ some e ven sign- 

2.4 THE OCTAL NUMBER SYSTEM 

ss? xz^ss, ", m 

* its b*isc 8 - 2\ cvcrv 3-hit omnn r\f Kinft i * * * 5, 6, and 

OCU1 number is, thus, l/3rd the length of the c^ndinTbrna^nlber' 3 ' d ' 8 "' An 


Usefulness of the Octal System 


zzzrtzszzL r - 

computer work, binary numbers with up to 64-bite „„ „„f 8 ° ^ numbers - ln 

numbers do not always represent a numerical quantity; they often re-sent 

code, which conveys non-numerical information. In computers binary Imbe **■ l 
represent (a) the actual numerical data fh\ u P ’ mnar y nu mbers might 

(address) in memory, (c) an instruction code, (d) a c^de^xpre^nrafnhLe^ * ^f 0 " 
non-numerical characters or q omim r u * * ' ^ essin g a *P^betic and other 

or external to the computer 8 P "Panting .he status of devices internal 

Of the system. Table 2.2 shows Lai counting conventence of the operators 


Table 2.2 Octal counting 


Decimal 

number 

0 
1 
2 

3 

4 

5 

6 

7 

8 
9 


Octal 

number 

o' 

1 
2 

3 

4 

5 

6 
7 

10 
11 


Decimal 

number 

To 
11 
12 

13 

14 

15 

16 

17 

18 
19 


Octal 

number 

12 

13 

14 

15 

16 
17 
20 
21 
22 
23 


Decimal 

number 


Octal 

number 


Decimal 

number 


Octal 

number 


20 

21 

22 

23 

24 

25 

26 

27 

28 
29 


24 

25 

26 
27 

30 

31 

32 

33 

34 

35 


30 

31 

32 

33 

34 

35 

36 

37 

38 

39 


36 

37 

40 

41 

42 

43 

44 

45 

46 

47 


Octal to Binary Conversion 

Tj convert a given octal number to a binary, just replace each octal digit by its 3-bit binary 
equivalent. 
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EXAMPLE 2.40 Convert 367.52* to binary. 

Solution 

Given octal number is 
Convert each octal digit to binary 
The result is 

Binary to Octal Conversion 


3 6 7 

on no in 
omioin 


5 2 

101 010 
101010b 


To convert a binary number to an octal number, starting from the binary point make groups 

of 3 bits each, on cither side of the binary point, and replace each 3-bit binary group by 
the equivalent octal digit. 3 6 h 3 

EXAMPLE 2.41 Convert 110101.101010 2 to octal. 

Solution 


Groups of three bits are 

110 

101 

* 

101 010 


Convert each group to octal 

6 

5 


5 2 



The result is 


65 

* 

52 g 



EXAMPLE 2.42 Convert 10101111001.0111 

2 to octal. 





Solution 







Groups of three bits are 

10 

101 

111 

001 . 

011 

I 

— 

010 

101 

111 

001 . 

Oil 

100 

Convert each group into octal 

2 

5 

7 

1 . 

3 

4 

The result is 




2571 . 

34* 



Octal to Decimal conversion 

To convert an octal number to a decimal number, multiply each digit in the octal number 
by the weight of its position and add all the product terms. 

The decimal value of the octal number *4<4-d4-2 - • ■ ‘ * 1 ^-' K 13 


(d fl X 8") + (d„_. x 8"" 1 ) + • ■ ■ 


+ (rf, x 8 1 ) + (d 0 x 8°) + (d_ , x 8"') + (<C 2 x 8"*) + . . . 


EXAMPLE 2.43 Convert 4057.06* to decimal. 


Solution 

4057.06 


R 


4 x 8 3 + 0 x 8 2 + 5 x 8 1 + 7 x 8° + 0 x 8' +6x8 

2048 + 0 + 40 + 7 + 0 + 0.0937 


-2 


= 2095.0937 


10 


Decimal to Octal conversion 

* a «„.■»( number convert the integer and 

To convert a mixed decimal number to a mixe 

fraction parts separately. 
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"c convert the given decimal integer number to octal, successively divide th* * 

urr.-v b> 8 nil the quotient is 0. he last remainder is the MSD. The remainder 8 ^ 
upwards give rhe equivalent octal integer number. s rcac ^ 

To convert the given decimal fraction to octal, successively multiply the rW; , 
..action b\ S till the product is 0 or till the required accuracy is obtained. The first 

v II the top is the MSD. The integers to the left of the octal point read downwards IT 
the octal traction. QS 8 ,Vc 


EXAMPLE 2.44 Convert 378.93, 0 to octal. 
Solution 


Conversion of 378 10 to octal 
Successive division 


8 

8 

S 


378 


47 


0 


Remainders 

T 2 

I 7 
5 


Reac :he remainders from bottom to top. Therefore, 378, 0 = 572 


■8 


Conversion of 0.93 ]0 to octal 

0.93 x 8 
0.44 x 8 
0.52 x 8 
0.16 x 8 


I 


7.44 

3.52 

4.16 

1.28 


Read ihe integers to the left of the octal point downwards. 

Therefore, 0.93 10 = 0.734 l g . Hence 378.93 10 = 572.7341 s . 

Conv ersion of large decimal numbers to binary and large binary numbers to decimal can 
be conveniently and quickly performed via octal as shown below. 

EXAMPLE 2.45 Convert 5497 ]0 to binary. 

Solution 

S._ the given decimal number is large, we first convert this number to octal and then 
convert the octal number to binary. 

Successive division Remainders 


8 

8 

8 


5497 


687 


T 


85 


8 


10 


1 


1 

7 

5 

2 

1 


Therefore. 5497 . = 1257I g = 00101010111100I 2 
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1 1,1 l ‘ Ul I • 


Solution 

Since the given binary number is large, we first mm,** ,u 

convert the octal number to decimal. is number to octal and then 

10111 1010001 2 = 572 lg “5 x8^ + 7x8 2 + 2x8* + 1 v 8° - ^ 

-<■*8 +1X8 -2560 + 448+ 16+1=3025 

Octal Addition 

The octal addition is performed by the decimal method. Add the digits in each column in 

decimal and convert this sum into octal. Record the octal sum term in that column and carry 
the carry term to the next column. 


10 


EXAMPLE 2.47 Add 327.54* to 665.37 g . 


Solution 

8 


+ 


3 8 2 
3 
6 


8 1 

2 

6 


8 ° 8 
7 . 5 
5 . 3 


- 1 o-2 


8 

4 

7 


In the 8 2, s column, 4 + 7 

In the 8 h s column, 5 + 3+1 

_ In the 8 0, s column, 7 + 5 + 1 

3 In the 8 h s column, 2 + 6+1 

In the 8 2 ’s column, 3 + 6+1 


12 15.1 


^10 


= 9 in = 


10 

13 


10 


— 9tn - 


10 
10 


10 


13 g (sum 3, carry 1} 

I l g (sum 1, carry 1) 
15 g (sum 5, cany 1) 

II g (sum 1, carry l) 
12g (sum 2, carry 1) 


octal subtraction 


The octal subtraction is similar to decimal subtraction, 
EXAMPLE 2.48 Subtract 16.47 g from 20.14 g . 


lution 


8 1 8 ° 8 ' 
2 0.1 
16.4 


1 8 
4 


-2 


0 1.4 5 

In the 8 :, s column, 7 cannot be subtracted from 4. So, borrow a 1 f g- 2 , 

Limn leaving a 0 there. A 1 borrowed from the r"s column becomes 8 m 

umn. So, in the 8 column 8+4-7 - 5. , , f mm t k e e°\ 

In the 8 _l, s column, 4 cannot be subtracted rom — co j umn leaving a 1 there. 

umn, but the 8°’s column has a 0. So, borrow a from ^ there and bring 

3 1 borrowed from the 8 u s column becomes 8 m 8 s column. Lea 

o the 8 u s column. This becomes 8 m this column. 


So, in the column 8 1 
in the column 8° 
in the column 8 1 

The result is 0I.45 e . 


8-4=4 
7-6=1 
1-1 = 0 
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Subtraction of octu. numbers cun also I “fTn'Ta! 

methods similar to I s and 2 s comp num |, er f rom 7 and its 8 ’s complement 

number is obtained by subtracting each digit of the number tro 

is obtained by adding a I to its 7*s complement. 

E\ vMPLE 2.49 Find the 7’s and 8 ’s complement of the following octal numbers. 

lal 4015 (b) 2057.106 


Solution 

To find the 7’s complement of an octal number, subtract each digit of that number from 7. 

(a) 7 7 7 7 
-4015 

3 7 6 2 (7’s complement of 4015) 

1 (Add 1) 

3 7 6 3 ( 8 ’s complement of 4015) 

(b) 7 7 7 7.7 7 7 

- 2057.106 

5 7 2 0.6 71 (7's complement of 2057.106) 

1 (Add 1) 

5 7 2 0.6 7 2 ( 8 ’s complement of 2057.106) 

EXAMPLE 2.50 Subtract 236.43* from 5427.65 8 using the 7’s complement arithmetic. 


Solution 

5427.65 
- 2 3 6.4 3 => 

+ 

5 4 2 7 
7 5 4 1 

. 6 5 
. 3 4 

(7’s complement of 0236.43) 

+5171.22 

O 

5 17 1 

5 17 1 

. 2 1 

+ 1 

. 2 2 

(End around carry) 


The cam indicates that the answer is positive and is in octal itself. Hence, the result is 
+ 5171.22 g 

EXAMPLE . 51 Subtract 5427.65 8 from 236.43* using the 8 ’s complement method. 


Solution 




2 3 

6.43 

0236.43 

* 

-54 2 

7.65 => 

+2350.13 

( 8 ’s complement of 5427.65) 

-51 7 

1.22 

2 6 0 6.5 6 

(No carry) 


No carry indicates that the result is negative and is in 8 ’s complement form. The 8 ’s 
complement of 2606.5 6 8 is 5171.22*. Hence, the result is — 5171.22*. 


Octal Multiplication 
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lo perform multiplication in octal, multiply the digits in decimal, convert the product to 

octa , record the sum term, and carry the carry term to the next column. Add all partial 
products. f 


EXAMPLE 2.52 Multiply 2763.5* by 6 


8’ 


Solution 


2 7 6 3.5 
x 6 

2 16 6 5.6 


5x6 

3x6 

6x6 

7x6 

2x6 


30,o " 36* 
= 18,o = 22*; 

- 36 10 = 44 g ; 

~ 42, 0 = 52 8 ; 
= 12 l0 = 14*; 


22 * + 3 * 

44 s + 2* 
52 a + 4 


= 25 


s 


14 8 + 5 


g 

g 


- 46* 

= 56* 
= 21 * 


(sum 6 , 
(sum 5, 

(sum. 6 , 

(sum 6 , 
(sum 1 , 


carry 3) 
carry 2 ) 

carry 4) 

carry 5) 
carry 2 ) 


Octal Division 


The octal division is accomplished by the decimal method. 

EXAMPLE 2.53 Divide 4570.32* by 6 8 . 

Solution 

6)4570.32(624.042 

44 


17 

14 


30 

30 


032 

30 


20 

14 


6 cannot go in 4, So, consider 45 g 
6 can go in 45 * ( 37 , 0 ) 6 times with a remainder of 1 

6 can go in 17 g (15 10 ) 2 times with a remainder of 3 

6 can go in 30 g (24 10 ) 4 times with a remainder of 0 

6 can go in 03 s (03, 0 ) 0 times with a remainder of 3 so, consider 0 j2 
6 can go in 32 g (26 10 ) 4 times with a remainder of 2 

6 can go in 20 g (16 10 ) 2 times with a remainder ot 4 

The quotient is 624.042* and the remainder is 4*. 


2.5 THE HEXADECIMAL NUMBER SYSTEM 

Binary numbers are long. These numbers are fine ^ naxy numbenTconciseiy. 

handled by human beings. So, there is a nee . g {he hexa£ j e cimai number system (or 

One number system developed with t is o j ' than |he octa j number system, it 

Hex). Although it is somewhat more difficuW * ^ |n dlgital systems. The 

has become the most popular means o i , system. The base or radix of this 

hexadecimal number system is a position*^ symbols. The symbols used are 0, 

number system is 16, that means, it has * n _ . ^ase j s - 2 4 , every 4 binary 
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m combination cun be represented by one hexadecimal digit. So a hexadecimal number 
is i 4th the leneth of the corresponding binary number, yet n provides the same information 
as the binary number. A 4-bit group is called a nibble. Since computer words come m 
8 bits lb bits. 32 bus and so on, that is, multiples of 4 bits, they can be easily represented 
in hexadecimal. The hexadecimal system is particularly useful for human communications 
with computers. By far, this is the most commonly used number system in computer 
literature. It is used both in large and small computers. 


Hexadecimal Counting Sequence 


o 

10 


1 

II 


2 

12 


3 

13 


4 

14 


5 

15 


6 

16 


7 

17 


8 9 A B 
18 19 1A IB 


C D E F 
IC ID IE IF 


• 

F0 

A 

FI 

F2 

F3 

F4 

F5 

F6 

F7 

F8 

F9 

FA 

FB 

FC 

FD 

FE 

FF 

100 

-■ 

101 

102 

■ 

103 

V 

104 

« 

105 

106 

» 

107 

• 

108 

-Q 

109 

■ 

10A 

* 

10B 

i 

10C 

* 

10D 

• 

10E 

* 

10F 

* 

1F0 

1 FI 

1F2 

1F3 

p 

1F4 

« 

1F5 

■m 

1F6 

* 

1F7 

# 

IF8 

* 

1F9 

m 

1FA 

* 

IFB 

# 

1FC 

4 

1FD 

m 

1FE 

■- 

IFF 


Binary to Hexadecimal conversion 

To convert a binary number to a hexadecimal number, starting from the binary point, make 
croups of 4 bits each, on either side of the binary point and replace each 4-bit group by 
the equivalent hexadecimal digit as shown in Table 2,3. 


Table 2.3 Binary to hexadecimal conversion 


Hexadecimal 

Binary 

Hexadecimal 

Binary 

0 

0 0 0 0 

8 

10 0 0 

1 

0 0 0 1 

9 

10 0 1 

2 

0 0 10 

A 

10 10 

3 

0 0 11 

B 

10 11 

4 

0 10 0 

C 

110 0 

5 

0 10 1 

D 

110 1 

6 

0 110 

E 

1110 

7 

0 111 

F 

1111 


EXAMPLE 2.54 Convert 1011011011 2 to hexadecimal. 

Solution 

Make groups of 4 bits, and replace each 4-bit group by a hex digit. 

Given binary number is 1011011011 

Groups of four bits are 0010 1101 1011 


Convert each group to hex 
The result is 



EXAMPLE 2.55 Convcn 01011111011.011111 2 to hexadecimal 

Solution 
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Given binary number is 
Groups of four bits are 
Convert each group to hex 
The result is 


01011111011.011111 

ooio mi loii.om iioo 

2 F B . 7 C 
2FB.7C 16 


Hexadecimal to Binary 


To convert a hexadecimal number to binary, replace each hex digit by its 4-bit binary group. 
EXAMPLE 2.56 Convert 4BAC )h to binary. 

Solution 

Given hex number is 4 B A C 

Convert each hex digit to 4-bit binary 0100 1011 1010 1100 
The result is 010010111010U00 2 

EXAMPLE 2.57 Convert 3A9E.B0D ]6 to binary. 

Solution 

Given hex number is 3A9E.B0D 

Convert each hex digit to 4-bit binary OUll 1010 1001 1110 . 1011 0000 1101 

The result is 0011101010011110.101100001 i01 2 


d_ k , its decimal equivalent is 

x I6 _l ) + 


Hexadecimal to Decimal 

To convert a hexadecimal number to decimal, multiply each digit in the hex number b\ 
position weight and add all those product terms. 

If the hex number is d n d„_ x • * • • ^-1^-2 , , , , 

« x 16”) + (d„ , x I6”- 1 ) + . v. + (</, X 16') + K X l6 “> + 

{d _2 x 16 ‘) + ... 

EXAMPLE 2.58 Convert 5C7 16 to decimal. 

Solution 

Multiply each digit of 5C7 by its position weight and add the product terms. 

5C7 16 = (5 x 16 2 ) + (12 x 16 1 ) + C x 1(1 } 

= 1280 + 192+7 


1479. 


10 
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EXAMPLE 2.59 Convert A0F9.0EB 

Solution 


)6 to decimal. 


OEB lt> = (10 x 16 ; ) + (0 x I6 2 ) + (15 x I6 1 ) + (9 x 16°) + f0 x 
+ (11 x 16‘ 3 ) 

= 40960 + 0 + 240 + 9 + 0 + 0.0546 + 0.0026 
= 41209.0572 10 


16 ') + (14 x I6“ 2 ) 


Decimal To Hexadecimal 

i0 convert a decimal integer number to hexadecimal, successively divide the given decimal 

num or bv 16 till the quotient is zero. The last remainder is the MSB. The remainders read 
rom bottom to top give the equivalent hexadecimal integer. 

To convert a decimal traction to hexadecimal, successively multiply the given decimal 
--^Lon v 16, till the product ts zero or till the required accuracy is obtained and collect 
Jl the integers to the left of decimal point. The first integer is the MSB and'the integers 

,:Z!T 8 ,he hCXadeC ' ma ' frac,ion ' ™ s is *»own as the hex dabble 

EXAMPLE 2.60 Convert 2598.675 10 to hex. 

Solution 

separately 1 ** * miXed nUmber ' ConVert the ime * cr a "« the Action pans 

Conversion of 2598 


10 


Successive division 


Remainder 




Decimal 

Hex 

16 

! 2598 



16 

162 

6 

T 6 
| ? 

16 

10 

2 


^ 0 

10 

1 A 

Reading the 

remainders 

upwards, 2598 l0 = A26 l6 . 

Conversion of 0.675 )0 
Given fraction is 0.675 



0.675 x 16 

1 10.8 


0.800 x 16 

1 12.8 


0.800 x 16 

1 12.8 


0.800 x 16 

i 12.8 



E 6 


0.ACCC 


16 
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Conversion of very large decimal numbers to ki« a 
decimal is very much simplified if it is done via the If ^ ^ binary numbers t0 

EXAMPLE 2.61 Convert 49056 10 to binary. 

Solution 






directly. So, convert this to hex first, and 'then convert TheTcxTo binJJ! 


,!> icoious to convert this number 


Successive division 


Remainder 




Decimal 

Hex 

Binary group 

16 

49056 





16 

3066 

0 

1 

0 

0 0 0 0 

16 

191 

10 

1 

A 

10 10 

16 

n 

15 


i : F 

1111 


0 

11 


1 B 

10 11 

Therefore, 49056 10 = BFA0 16 

= roiin ii loiooooo,. 


EXAMPLE 2.62 Convert 1011011101101110 

2 to decimal. 




Solution 

The given binary number is very large. So, perform the binary to decimal conversion via 
the hex route. 


1011 0111 0110 1110 2 - B 7 6 E 16 

B76E I6 = (11 x 16 3 ) + (7 x 16 : ) + (6 x 16 l ) + (14 x 16°) 
= 45056 + 1792 + 96 + 14 
= 46958, 0 


Octal To Hexadecimal Conversion 

l o convert an octal number to hexadecimal 
and then the binary to hexadecimal. 

EXAMPLE 2.63 Convert 756.603 s to hex. 

Solution 

Given octal number is 
Convert each octal digit to binary 
Groups of four bits are 
( on vert each four-bit group to hex 
Hie result is 


the simplest way is to first convert to binary 


7 5 6.6 0 3 

in ioi no . no ooo on 

oooi mo i no. noo oooi 1000 

1 E E . C I 8 

1EE ,C18 l6 
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Hexadecimal to octal 


To convert a hexadecimal number to octal, the simplest way is to first convert the given 
hexadecimal number to binary and then the binary number to octal. 


EXAMPLE 2.64 Convert B9F.AE, 6 to octal. 
Solution 


Given hex number is 

Convert each hex digit to binary 

Groups of three bits are 

Convert each three-bit group to octal 

The result is 


B 9 F . A E 

1011 1001 Mil . 1010 1110 

ioi no on in . loi on ioo 

5 6 3 7.5 3 4 

5637.534 8 . 


Hexadecimal Addition 


Addition in hexadecimal is performed in a manner similar to that in decimal. To add in hex 
-■ the in each column along with the carry if any, are added in decimal and its hex 
equivalent obtained. The sum term in hex is recorded in that column, and the carry term 
is earned to the next column. 


EXAMPLE 2.65 Add 2A7C30D I6 and 8D9.E8B lh . 

Solution 

16 3 16 2 16' 16" 16-' 16“ 2 16- 3 

2 A 7 C 3 0 D 

+ 8 D 9 E 8 B 

3 3 5 6. 1 9 8 

Starting from the LSD 

0 + 0 “ *3|o + U» = 24 ]0 = 18 ]6 
0 + 8 + 1 = 9, 0 = 9 i6 
3 + E = 3, 0 + 14, 0 = 17,o = 11,„ 

c + 9 + 1 = 12 10 + 9,o + 1 |0 = 22,„ 

7 + 0+1 - 7 io + 13,o + lie = 21,o 

A + 8 + 1 = 10,o + 8,o + l,o = 19,o 

2 + 1 - 3,„ - 3, 6 
The result is 3356.198 16 . 


= 15 l6 
= 13 I6 


(sum 8, carry 1) 
(sum 9, carry 0) 
(sum 1, carry 1) 
(sum 6, carry 1) 
(sum 5, carry I) 
(sum 3, carry 1) 
(sum 3, carry 0) 


EXAMPLE 2.66 Add 3BCA.5078 16 + 9EBD.97F3 !6 + 5FB.E2C, 6 . 

Solution 


3 B C A 

+ 9 E B D 

5 F B 


5 0 7 8 
9 7 F 3 
E 2 C 


E 0 8 3 C B 2 B 
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Starting from the LSD 
8 + 3 = 11 (q = B 

7 + F + C = 7 t0 + 15 10 + 12 10 = 34 l0 = 


16 


22 


0 + 7 +2+ 2 = 11, 0 -B,„ 

5 + 9 + E = 5, 0 + 9 I0 + 14,0 = 28,o = 1C 
A + D + B + 1 = 10,0 + i: 

C + B + F + 2 = 12, n + ll u 
B+E+5+2= ll 10 + 14,0 + 5 
3 + 9 + 2 - 14, ft = E 


16 


10 + 13 l0 + 11, 0 + 1 


16 

10= 35 


10 


10 ^ 11 10 + 15,0 + 2,0 = 40,0 


io " r J io + 2,o 


= 23 
= 28 
= 32, 0 = 20 


16 

16 


16 


16 


Hexadecimal Subtraction 


(sum B, carry 0) 
(sum 2, carry 2) 
(sum B, carry 0) 
(sum C, carry 1) 
(sum 3, carry 2) 
(sum 8, carry 2) 
(sum 0, carry 2) 


Subtraction in hexadecimal is similar to that in decimal 

EXAMPLE 2.67 Subtract 78D6.3B I6 from B08E.A1 16 . 

Solution 

The hex subtraction is performed as explained below. 

16 3 16 2 16 1 16° 16’ 1 16" 2 

B 0 8 E A 1 

- 7 8 D 6 . 3 B 

3 7 B 8 6 6 

In the 16"“’s column, B cannot be subtracted from 1. So, borrow a 1 from the 16 ! 's 
column leaving 9 there; the 1 borrowed from the 16" l 's column becomes 16 in the 16”"'s 
column. So, 

In the 16 2 's column, 16 + 1 - B = 16 l0 + I 10 - 11 10 = 6 

In the 16” 1 ’s column, 9-3 = 6 

In the 16°’s column, E - 6 = 14, 0 - 6, 0 = 8 

In the 16 ], s column, D cannot be subtracted trom 8. So, borrow a 1 trom the 16 s 
column. But there is a 0 in that column, so, borrow a I from the 16 s column leaving 
A there. The 1 borrowed from the 16 3 ’s column becomes 16 in the 16 2, s column, leave 
15 there and bring 1 to the 16'’s column. It becomes 16 in that column. 

In the 16 u s column, 16 + 8 - D = 24, 0 - 13 10 - 11, 0 - B 

In the 16 2, s column, 15 — 8= 7 

In the 16 3, s column, A - 7 = 10 l0 - 7^ - -•> 

The result is 37B8.66 !6 . 

Subtraction in hexadecimal can also be accomplished by the 15 s and 16 s complement 

methods, similar to l’s and 2’s complement methods of binary. 

The I5*s complement of a hex number is obtained by subtracting each digit of the 
number from 15 (F) and its I6’s complement is obtained by adding a 1 to its 15 s 
complement. The 15’s complement of a hex number is the same as the 1 s complement of 












Fu >.w 



t ircuits 


v numbc: expressed in binan and its 
of the number expressed in binary. 


16's complement is the same as the 2's complement 


F\ WIPLE 7.68 Find the 15's and 16‘s complements of the following hexadecimal numbers 

(a) 76 (b) 4A9 (c) 7B.A (d) F20.3AE 


Solution 






F F 

- 7 6 

8 9 
1 

8 A 

F F F 

- 4 A 9 

B 5 6 
_ 1 __ 

B 5 7 

F F , F 

- 7 B . A 

8 4.5 
_ 1 

8 4.6 

F F F . F F F 

- F2 0 , 3 AH 

0 D F . C 5 1 

_J_ 

0 D F . C 5 2 


(15's complement of 76) 

(Add 1) 

(I6’s complement of 76} 

(15’s complement of 4A9) 
(Add 1) 

(!6's complement of 4A9) 

(15's complement of 7B.A) 
(Add 1) 

(16's complement of 7B.A) 

(15’s complement of F20 3AE) 
(Add 1) 

(16's complement of F20.3AE) 


EXAMPLE 2.69 
Solution 


Subtract 4AB.6B 16 from 5074.56 )6 using the 


15’s complement method. 


5 0 7 4. 5 6 

- 0 4 A B . 6 B 

+ 4 B C 8 . E B 


5 0 7 4. 5 6 

+ F B 5 4 . 9 4 

4 B C 8 . E A 


4 B C 8 . E B 


(15’s complement of 04AB.6B) 


(End around carry) 


The carry indicates that the result obtained is positive and is in hex itself 
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EXAMPLE 2.70 Subtract 507D 56. (rnm iiu« • , 

16 m 4AB.68, 6 using the 16’s complement method. 

Solution 


0 4 A B . 6 8 

- 5 0 7 D . 5 6 

- 4 B D 1 . EE 


0 4 A B . 6 8 

+ A F 8 2 . A A (16's complement of 507D.56) 

® 4 2 E . 12 (No carry) 


There is no carry, indicating that the result obtained 
complement form. The 16's complement of B42E 12 
result is - 4BD1.EE 16 . 16 


is negative and therefore in its 16’s 
is 4BDl.EE l6 . Therefore, the final 


Hexadecimal numbers can also be subtracted using the 1 ’s or 2’s complement method, 
because the 15’s complement of a hex number is the same as the l’s complement of the 
equivalent binary number and the 16 s complement of a hex number is the same as the 2 s 
complement of the equivalent binary number. 


EXAMPLE 2.71 Subtract the following hexadecimal numbers using the Ts complement 
arithmetic. 

(a) 48 )6 - 26 l6 (b) 45, 6 - 74 16 

Solution 

Find the 1 ’s complement of the subtrahend and express it in hex and add it to the minuend. 

(a) 26| 6 in binary = 0010 0110 

26| 6 in l’s complement form = 1101 1001 = D9, 6 


48 l6 4 8 

- 26, 6 => + D 9 (l’s complement of 26, 6 ) 

22 l6 0 2 1 

^ + 1 (End around carry) 

2 2 

The carry indicates that the result obtained is positive and is in hex itself. 

(b) 74 16 in binary = 0111 0100 

74, 6 in l’s complement form = 1000 1011 - 8B, 6 


45 
- 74 


16 

16 


- 2F 


4 5 
+ 8 B 

D 0 


(I’s complement of 74 16 ) 
(No carry) 


There is no earry. So, the result obtained is negative and is in the l’s complement form. 
The I’s complement of D0 I6 - 2F 16 . So, the final result ts - 2f„. 

. , v /n a\ nnH (hi 27.* - 73.* using the 2’s complement 

EXAMPLE 2.72 Subtract (a) 69 16 - 43 16 and (t» h 


t L at ■ /h 
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Solution 

Find the 2's complement of the subtrahend and add it to the minuend. 

(a) 43 l6 in binary = 0100 0011 

43| 6 in 2's complement form = 1011 1101 = BD )6 

69 )6 6 9 

- 43 16 => + B D (2's complement of 43 ]6 ) 

O 2 6 (Ignore carry) 

Tic earn indicates that the result obtained is positive and is in hex itself 

(b) 73 16 in binary = 0111 0011 

T3 i6 in 2‘s complement form = 1000 1101 = 8D ]6 

27. O 7 

z 1 16 2 ! 

~ - ^16 ^ + 8 D (2’s complement of 73 16 ) 

“ ^16 B 4 (No carry) 

No carry indicates that the answer is negative and is in its 2’s complement form. The 2\ 
complement ot B4 is 4C. Therefore, the final result is - 4C,*. 

1 O 


Hexadecimal Multiplication 

■ Sim H ar ' , ° f Clmal raul «P li -«on. To perform multiplication 

ihe ;,: al ; n t Pl T' gltS : C,mal and C0nvert each P roduc <‘ erm >nt0 Record 
m tenn ln hex ’ and carr > the carry term to the next column. 

•SAMPLE 2.73 Multiply 2A8, 6 by B6 1(l , 


Solution 

2 A 8 
x B 6 
F F 0 
I D 3 8 


1 E 3 7 0 


Hexadecimal Division 


8x6 
A x 6 
2x6 
8 x B 
A x B 
2 x B 


- 48 io = 30 


16 


12 l0 ; 12 jo 

= 8 x 11 = 

= 10 x 11 = 

= 2 x 11 =22 


60 10 

; 60 io + 3 I0 

= 63 10 = 3F, 6 

+ 3 

O 

II 

o 

II 


88 ]0 

= 58 )6 


110 

'loi 1 10 IO + 

LT\ 

5 

II 

c/I 

5 

II 

LO 

22 i0 ; 

' 22 10 + 7 ]0 

29 ]0 - ID t6 


16 


Hexadecimal division is similar to decimal division. 
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EXAMPLE 2.74 Divide 2 CQBE Ki by 2A 

16 

Solution 


2A)2C0BE(1 
2A_ 

20B 

1F8 


0C7.924 

2A(42 10 ) can go in 2C(44 I0 ) 1 time, with a remainder of 2. 

2A cannot go in 20. 2A(42 l() ) can go in 20B(523 lo ) 12 10 (C) times, with 
a remainder of 19 10 (13 16 ). 


13E 

126 


2A(42j 0 ) can go 7 times in 13E(318 10 ), with a remainder of 24 10 (18 16 ). 


180 2A(42 l0 ) can go 9 times in 180 l6 (384 lo ), with a remainder of 6 10 (6 I6 ). 

17A 


60 2A(42 10 ) can go 2 times in 60 16 (96 10 >, with a remainder of 12 I0 (C 16 ). 

54 


CO 2A(42 t0 ) can go 4 times in CO, 6 (192, 0 ), with a remainder of 24 10 t 18 l6 ). 
A8 

18 


2.6 MISCELLANEOUS EXAMPLES 

EXAMPLE 2.75 Given that 16 10 = 100 b , find the value of b. 

Solution 

Given 16 10 = 100 b 
Convert 100 b to decimal. 

Therefore, 16 = 1 x b 2 + 0 x b 1 + 0 x b° = b% or b = 4. 


= 1204 in some number system, find the base of that 


EXAMPLE 2.76 Given that 292 10 
system. 

Solution 

Let the base be b. Then 

__ _ iv = 1204 h = 1 x b 3 + 2 x b 2 + 0 x b 1 + 4 x b 

or 


10 b 

292 10 = b 3 + 2b : + 4 


6 . 


Since 4 is the largest digit in the given number, b > 5, by trial and error, b = 

EXAMPLE 2.77 In the following series, the same 
systems. Determine the missing number of the senes: \ > 

Solution m , • ni. 

. • ■ • ; t „ jimiivalent is The next number is 121, 

If wc take the first number to be in bmiuy. » R „ d 2 4 is equal to 16,„ 

it is equal to 16 10 in base 3. Similarly 100 is equal to 10 

in base 6. So, the missing number 31 in base 

EXAMPLE 2.78 Each of the following arithmetic operate is correct in a. leas, one 
number system. Deterinine the possible ba.so in eat. 
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its 


(a) 1234 + 5432 - 6666 

(b) 

41 17 

T 3 

i\ 

j 

(d) 

23 + 44 + 14 + 32 = 223 

, , 302 . 

(c) w - 12.1 

(f) 

II 

Solution 



(a) 12 3 4 

+ 5 43 2 




6 6 6 6 It is valid in any number system with base > 7 (since the largest digit used is 6) 
(b) Let the base be b. Express both sides in decimal. 


4b + I 


3 


= b + 3 or 4b + I = 3b + 9 or b = 8 


Therefore, the above equation is valid in base 8 system. 


(C) y = 11 

Let the base be b. Converting to decimal, 

3b + 3 = 3(b + 1) = 3b + 3. 

It is valid for any value of b. Since the largest digit in the number is 3 
be anything greater than 3. 

(d) Let the base be b. Expressing in decimal. 


The base can 


2b 3 4b + 4 + b + 4 + 3b + 2 = 2b 2 + 2b + 3 

The relation is therefore valid in base 5 system, 
te) Let the base be b. Expressing in decimal, 

3b 2 + 2 . t 

^— - b + 2 + — 

Solving for b, we get b = 4. b 

fi Let the base be b. Expressing in decimal, MIa = 

Squaring both sides, 4b + 1 = 25 or b = 6 
Therefore, the base is 6. 0 


or b 2 - 4b - 5 = 0 or b = 5 


Binary, octal, hexadecimal and decimal mimkr* 

means !hat the values attached to the symbols A? ^ ^ pOSItlonal weighted, which 
to the radix point. epend on their location with respect 

The base or radix of a number * j* * 

in 'hat system. Icates thc number of unique symbols used 
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o'- —"UMIUII pulls. 

I he extreme right digit in any number ic «ti» icn 

MSD y mDcr * the LSD and the extreme left digit is the 

/K decimal number can be convertpH tn a numu 

.. • if *° a number in any other system with base b by 

using the sum-of-weights method or hv n*n»*t a A a: ■ ■ . . J T , , 

u u a* A „ or by repeated division by b. In repeated division 

by b. the remainders are read from bottom to top. 


A decimal fraction can be converted to a fraction in any other number system with 

base b by using the sum-of-weights method or by repeated multiplication by b. In 

repeated multiplication by b, the integers to the left of the radix point are read from 
top to bottom. 

The binary system has two symbols 0 and 1. A binary digit is also called a bit. 

Each 4-bit binary group is called a nibble. Binary word lengths are multiples of four 
bits. 


Conversion of large decimal numbers into binary and vice versa is simpler via the 
hexadecimal system. 


C onversion ol octal to hexadecimal and vice versa is simpler via the binary system. 

The computer method of multiplication requires repeated addition. 

The computer method of division requires successive subtraction. 

Subtraction in any number system with base b can be done by the b's complement 
method or (b - l)’s complement method. 


In b’s complement subtraction, the carry is ignored and in (b - 1) s complement 
method the carry is added to the LSD. 


Negative numbers can be represented in sign magnitude form, or in I s complement 
form, or in 2’s complement form. 


In signed magnitude form, the MSB represents the sign bit (0 tor positive ard t 
negative) and the remaining bits represent the magnitude of the number. 

If b is the base of a number system, (b - 1* s complement ot a number can t c 
obtained by subtracting each digit of the number from (b - 1) and b’s complement 
of any number can be obtained by adding 1 to its (b - 1) s complement. 

The complement of the complement gives the original number. 

The 2’s complement system has a unique zero. But the l’s complement system has 
two zeros, a positive 0 (all Os) and a,negative 0 (all Is). 

The 1 ’s complement of a binary number is obtained by complementing each bit of the 


iber. _ ,. ,, 

2’s complement of a binary number can be obtained (a) >' ‘^ b J 

piemen, and adding . «o fc 

i 2 n , or (c) by copying down, starting trom tnc lsk, 
first 1 and then complementing the remaining bits. 

■e numbers can be represented using double precision or tnpte preosion. 

____™„ires two storage locations (registers) to represent each 
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• 1 ■ the floating point notation, both very large and very small binary numbers can be 
represented very conveniently, 

• rhe main advantage of octal and hexadecimal systems is their ease of conversion to 
and from binary. 

• An octal number is I/3rd the length of the corresponding binary number and a hex 

number is 1 4th the length of the corresponding binary number. 

• To convert an octal number into binary, replace each octal digit by its 3-bit binary 

equivalent. 

• To convert a binary number into octal, starting from the binary point make groups 
of 3-bits on either side of the binary point and replace each 3-bit group by an octal 

digit. 

• To convert a binary number into hex, starting from the binary point, make groups 
of 4-bits on either side of binary point and replace each 4-bit group by a hex digit. 

• To convert a hex number into binary, replace each hex digit by its 4-bit binary 
equivalent. 

• The hex system is particularly useful for human communication with computers. 


QUESTIONS 


1. What is meant by a positional weighted system? 

2 . What is meant by ‘base or ‘radix’ of a number system? 

3. How do you convert a decimal number to an equivalent number in any other base 

system? 3 

Ho\ do >ou convert a number in any base system to an equivalent decimal number? 
-• Explain the following terms: (a) bit, (b) byte, (c) nibble, and (d) word length 

What are the nHvantnone /lf l~\ .1_ Li_ . 


6 . 


7, 


number system? 

W hat do you it 
method? 


8 . 

9. 

10 . 

II. 


What do you mean by successive multiplication-by-b method’ 

Discuss the computer method of multiplication and division. 

V. nat do you mean by double precision numbers and floating point numbers? 

How can negative numbers be represented? 

12. . nat do you mean by the ‘signed maoniinH^’ e r 

13 ir_ . . . ; , 8 ma gnitude form of representation? 

IJ - How do you obtain the ’s comolement ^ r„ 

14 Chmnarp , COmp "- mcm and 2 s complement of a binary number? 

14. x_or rpare the 1 s complement and 2’s cornnlpm P n. , 3 

negative numbers. ^ Lnl met b°ds of representation o 

15. What are .he characteristics of the 2's complement method? 

16. Ho .. do you perform binary subtraction using the l’s and 2’, . , 

17 a , i 6 s and 1 s complement methods 

i . vv nat GO vou mean hv „„„.<) \\ , 
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18 . 

19. 















How are binary and octal numbers related? 

What are the advantages of octal and hexadecimal systems? Where are they used? 
How do you convert a hexadecimal number to octal and vice versa? 

Which of the following systems have two Os? 

(a) Sign-magnitude (b) l’s complement (c) 2’s complement. 

What weight does the digit 6 have in each of the following numbers? 

(a) 216 (b) 460 ( C ) 658 (d) 115.67 

Express each of the following decimal numbers as a sum of the products of each digit 
and its appropriate weight. 

(a) 63 (b) 157 (c) 125.64 (d) 6015.75 

What are the weights ot the MSB of (a) a 10-bit binary number and (b) an 8-bit hex 
number? 


a) 1011 X II (b) 1001 x 101 


(C) 

1101.11 

(d) 

to 

binary. 


(e) 

197.56 

(d) 

(b) 

10H + 1101 + 1001 

(d) 

I010.lt + 1101.10 + 

(b) 

10110 - 1011 


(d) 

loooi.oi - mi. 

11 

(b) 

11001 x 10 


(d) 

10110 X 10.1 


(b) 

11110 by 101 


(d) 

1 10111.1 by 101 


by 

the computer method. 

(c) 

1100 x 110 

(d) 


(d) 1101110.011 


PROBLEMS 

Subtract the following decimal numbers by the 9's and 10's complement methods, 
(a) 274 - 86 (b) 93-615 (c) 574.6 - 279.7 (d) 376.3 - 

Convert the following binary numbers to decimal. 

(a) 1011 (b) 1101101 


(a) 37 (b) 128 

Add the following binary numbers. 

(a) 11011 + 1101 
(c) 10111.101 + 110111.01 

Subtract the following binary numbers. 

(a) 1011 - 101 
(c) 1100.10 - 111.01 

Multiply the following binary numbers. 

(a) MOt x 101 
(c) 1101.11 x 101.1 

Divide the following binary numbers, 
(a) 1010 by 11 

(c) non by 10.1 


till x 100 
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2.9 Divide the following binary numbers by the computer method, 

a) 1011 by 10 (b) 110010 by 101 

(c) 1100100 by 1101 (0) 100010 by 1010. 

2.10 Find the 12 bit 2 s complement form of the following decimal numbers. 

(a) - 37 (b) - 173 (c) - 65.5 (d) - 197.5 

i 

2.11 Find the 12-bit Fs complement form of the following decimal numbers. 

(a) - 97 (b) - 224 (c) - 205.75 fd) - 29.375 

2.12 Subtract the following decimal numbers using the 12-bit 2’s complement arithmetic, 

(a) 46-19 (b) 27 - 75 (c) 125.3 - 46.7 (d) 36.75 - 89.5 

2.15 Subtract the following decimal numbers using the 12-bit I’s complement arithmetic 
(a) 52 - 17 (b) 46 - 84 (c) 63.75 - 17.5 (d) 73.5 - 112.75 

2 14 Represent the following decimal numbers in 8-bit, (i) sign magnitude form, (ii) sign 
I’s complement form, and (iii) sign 2's complement form. 


(a) + 14 
(e) - 37 


(b) + 27 
(0 - 76 


(c) + 45 


(d) - 17 


-.15 Con\ert the following octal numbers to hexadecimal, 
(a) 256 (b) 2035 ( c ) 1762.46 

2.16 Convert the tollowing hexadecimal numbers to octal, 

(a) 2AB (b) 42FD (c) 4F7.A8 

2.17 Convert the following octal numbers to decimal. 

U) 463 ( b ) 2056 (c) 2057.64 

2.18 Convert the following decimal numbers to octal. 

(a) 287 {b > 3956 (c) 420.6 

2.19 Add the following octal numbers. 

U) 173 + 265 (b) 1247 + 2053 

2.20 Subtract the following octal numbers, 
fa) 64-37 

(c) 175.6 - 47.7 

2.21 Multiply the following octal numbers, 

fa) 46 x 4 (b) 267 x 5 

2.22 Divide the following octal numbers. 

(a) 420 by 5 fb) 2567 by 6 


(d) 6054.263 


(d) BC70.0E 


(d) 6534.04 


(d) 8476.47 


(c) 25.76 + 16.57 (d) 273.56 + 425.07 

(b) 462 - 175 

(d) 3006.05 - 2657.16 


(c) 26.5 x 2.5 


(d) 647.2 x 5.4 


(c) 153.6 by 7 


(d) 4634.62 by 12 
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2.23 bunirdLi 

(a) 76 - 25 




ng oeui numbers by the 7\ and sv , 

y s and 8 s complement methods. 


fb) 256 - 643 


fc) 173.5 - 66.6 

2.24 Convert the following hexadecimal numbers to binary. 


(b) F297 


(c) AF9.B0D 


(d) 243.6 - 705.64 


(a) C20 

2.25 Convert the following binary numbers to hexadecimal. 

(a) 10110 (b) 1011011011 

fc) 1101101 11.01111 (d) U01101101101.101101 


(d) E79A.6A4 


2.26 Convert the following hexadecimal numbers to decimal. 

fa) AB6 (b) 2EB7 ( c ) A08F.EA (d) 8E47.AB 

2.27 Convert the following decimal numbers to hexadecimal. 

(a) 452 (b) 4796 (c) 1248.56 (d) 8957.75 

2.28 Add the following hexadecimal numbers. 

(a) AC6 + B59 (b) A0FC + B75F 

(c) EOF3.5D + 49E6.F7 (d) ABC7.54 + 26F3.AB + DAC9.6F 


2.29 Subtract the following hexadecimal numbers. 

(a) BC5 -A2B (b) F27 - B9E 

(c) CDF7.52 - AB5.8 (d) 67F2.6E - 4A0E.A9 


2.30 Multiply the following hexadecimal numbers. 

(a) 28A x B (b) 5A9B x 7 (c) 5032.6E x 6 (d) 92.5 x B.3 

2.31 Divide the following hexadecimal numbers. 

(a) AB9 by C (b) 4056 by 9 (c) 6ABF.6D by IA (d) 3781.4 by 5.8 

2.32 Subtract the following hexadecimal numbers by the 15’s and 16's complement 

methods. 

(a) BE - 5E 
(c) BC7.5 - A53E.4B 


(b) AB6 - 745 
(d) 4230.5 - 73A.3. 
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BINARY CO OES 


to use 


3.1 WEIGHTED AND NON-WEIGHTED CODES 

Binary codes can be classified as numeric codes and alphanumeric codes. Alphanumeric 
codes represent alphanumeric information, i.e. letters of the alphabet and decimal numbers 
as a sequence of Os and Is. Numeric codes represent numeric information, i.e. only 

numbers as a series of Os and Is. Numeric codes used to represent decimal digits arc called 
Binary Coded Decimal (BCD) codes. 

We are vet} comfortable with the decimal number system, but digital systems force us 
se the binary system. Although the binary number system has many practical advantaces 
an is widely used in digital computers, in many cases it is very convenient to work with 
c eCima num J ers ’ especially when communication between man and machine is extensive 

*Zr\ d3ta 8Cnerated by raan are in "umbers, to simplify the 

communication process between man and machine, several systems of numeric codes have 

j * B as a series of BCD codes 

digits 0, 1, 2 ,..., 9 it is necesJL tr> BCD C ° deS * n 0rder t0 re P resen * decimal 

a sequence of binary digits which nomLr SC ^ UenCe .° f at least four binar Y digits. Such 
The BCD codes may £ welfhtcdTno - * “ Ca " ed a code 

obey the position-weighting princmle F.ach WC1 ®. te ' weighted codes are those which 
weigh,. For each group ^ ^ a 

binay digit is 1 is equal to the decimal digit which thT^ ^ ‘ h ° SC P ° slt,ons where lhc 
weighted codes. The weighted codes mav be pith,- ■ ■ ? ° Up re P resents - There arc several 

Positively-weighted codes are those in wh i ch °alT V ^' Weigh ! ed or negatively-weighted. 

igns are positive. There are only 17 nn^itivoi • L we, ^ bts assigned to the binary 

weighted -ode, the first weight must be I the see™ t' 8 tC< k C ° dCS ' * n CVery P osilive| y- 

the sum of all the weights must be equal to or i gH ‘ muSt bc ci,hcr 1 ° r 2. and 
some of the weights assigned to the binary diefts m’ fT 9 ' In ne 8 ativ ely-weightcd codes, 
5211, 3321 and 4311 are some of*«»«•** M21, 2421 

642-3, 631-1. 84-2-1 and 74-2-1 are some 'fT 8 ed C ° des availabIe - The “des 

weighted codes are codes, which do not obey the e ne gatively-weighted codes. Non- 

(XS-3) code and Gray code are non-weighted C od« 10 "'^ eightln g Principle. Excess-3 

positively-weighted, negatively-weighted, and non-weightedtodes 1 Sh ° W * S ° me ° f thC 
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Table 3.1 Binary coded decimal codes 


Decimal digit 8 4 

2 

1 

2 4 

2 

1 

5 2 

1 

1 

"" 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

0 

0 

0 

1 

0 

0 

0 

1 

2 

0 

0 

1 

0 

0 

0 

1 

0 

0 

0 

1 

1 

3 

0 

0 

1 

1 

0 

0 

1 

1 

0 

1 

0 

1 

4 

0 

1 

0 

0 

0 

1 

0 

0 

0 

1 

1 

1 

5 

0 

1 

0 

1 

1 

0 

1 

1 

t 

0 

0 

0 

6 

0 

1 

1 

0 

1 

1 

0 

0 

1 

0 

1 

0 

7 

0 

1 

1 

1 

1 

1 

0 

1 

1 

1 

0 

0 

8 

1 

0 

0 

0 

1 

1 

1 

0 

1 

1 

1 

0 

9 

1 

0 

0 

1 

1 

1 

t 

1 

1 

1 

1 

1 


5 4 2 1 

6 4 2 - 

•3 

8 4 - 

2 - 

•1 

XS-3 

0 0 0 0 

0 0 0 

0 

0 

0 

0 

0 

0 0 11 

0 0 0 1 

0 1 o 

1 

0 

1 

1 

1 

0 10 0 

0 0 10 

0 0 1 

0 

0 

1 

1 

0 

0 10 1 

0 0 11 

1 0 0 

1 

0 

1 

0 

1 

0 110 

0 10 0 

0 1 0 

0 

0 

1 

0 

0 

0 111 

10 0 0 

1 0 1 

1 

1 

0 

1 

1 

10 0 0 

10 0 1 

0 1 1 

0 

1 

0 

1 

0 

10 0 1 

10 10 

1 1 0 

1 

1 

0 

0 

1 

10 10 

10 11 

1 0 1 

0 

1 

0 

0 

0 

10 11 

110 0 

1 1 1 

1 

1 

1 

1 

1 

110 0 


sequential codes 

A sequential code is one, in which each succeeding code word is one binary number greater 
than its preceding code word. Such a code facilitates mathematical manipulation of data. 
The 8421 and XS-3 codes are sequential. The codes 5211, 2421 and 642-3 are not 

sequential. 


self-complementing Codes 

A code is said to be self-complementing, if the code word ot the 9 s complement ot N. i.e. 
of 9 - N can be obtained from the code word of N by interchanging all the Os and Is. 
Therefore, in a self-complementing code, the code tor 9 is the complement of the code 
0, 8 for 1, 7 for 2, 6 for 3, and 5 for 4,\J:he 2421, 5211, 642-3, 84-2-1 and XS-3 are 
self-complementing codes. The 8421 and 5421 codes are not self-comp ementin^^ e se 
complementing property is desirable in a code when th, 1 s comp ement mus 
such as in 9’s complement subtraction. For a code to be self-complemeniing, fe sum of 
all its weights must be 9. This is because whatever may be the »‘b 
represented by 0000 and stnee in a 

complement of the code tor 0, 9 has to be represen e y negatively- 

5211. 3321. 431 1) positively-weighted self-complementmg codes. There are nega . 


Cyclic codes 

... . . , , ode word differs from the preceding one 

yelic codes are those in which each successive co ^ co( f es The Gray code is a cyclic 

only one bit position. They are also calk* ,,m oj^aft position into a digital 

i, * 4--on analoE quantity suen a 
































3.2 THE S421 BCD CODE 


I : C S4: BCD code is so widely used that it is a common practice to refer to it simply as 
BCD code hi this code, each decimal digit, 0 through 9, is coded by a 4 bit binnn lumber. 
> also called the nafu ml binary code because ot the 8, 4, a and I weights attached to 
; is a weighted code and is also sequential. Therefore, it is useful for mathematical 
... :o:'s. The mam advantage of this code is its case of conversion to and from decimal. 
It is less efficient than the pure binary, in the sense that it requires more bits. For example, 
:re dec ma number 14 can be represented as I 110 in pure binary but as 0001 0100 in 8421 
code Another disadvantage of the BCD code is that, arithmetic operations are more 
complex than they arc in pure binary. There are six illegal combinations 1010, 1011, 1100, 

I h i. 1110 and 1111 in this code, i.e, they are not part of the 8421 BCD code system. 

BCD Arithmetic 

\ disadvantage of the 8421 code is that, the rules of binary' addition and subtraction do not 
ap:\ v to the entire 842! number but only to the individual 4-bit groups. The BCD addition 
'■ therefore, performed by individually adding the corresponding digits of the decimal 
numbers expressed in 4-bit binary groups starting from the LSD. If there is a carry out of 
one group to the next group, or if the result is an illegal code, then 6 ]0 (0110) is added to 
the sum term of that group and the resulting carry is added to the next group. (This is done 
o sh ip the six illegal states.) The BCD subtraction is performed by subtracting the digits 

hh 4 th S T 0f , . h * s “ b ‘ rahcnd from «hc corresponding 4-bit group of the minuend 
.. . --an.,ig rom tic LSD. IJ there is a borrow from the next group then 6... (0110) 

“ iU “ f r ,he difrerence te ™ “ f «** S™*p. (This is done io skip the ’six 1 Z Z 

ssyjrras ixvztr t. 4 - 

encode that number in the 8421 code. The resulting P BCDnumbers treThen^dded e " d an<l 
EXAMPLE 3.1 Perform the following decimal additions in the 8421 code. 


(a) 25 + 13 


Solution 

(a) 25 

+ 13 ° 

0010 0101 
+ 0001 oon 

38 

001 

1 1000 

lb) 679.6 


ono 

+ 536.8 


+ 0101 

1216.4 


ion 
+ 0110 

© 0001 


+1 

<? +i 


000 J 

0010 


1 

2 


(b) 679.6 + 536.8 


1001 

0110 


(25 in BCD) 

(13 in BCD) 

(No cany, no illegal code. So. this is the correct sum) 

nut tom 

(679.6 in BCD) 
(536.8 in BCD) 

(All are illegal codes) 
(Add 0110 to each) 

(Propagate carry) 
(Corrected sum) 


0111 
oon 

1010 
+ ono 



.ono 

.1000 

.1110 

+ .0110 
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(b) 


206.7 

147.8 


58.9 


0011 

0001 


1000 

0101 


0010 0011 


0010 

0001 


0000 

0100 


0000 


ion 

0110 


(38 in BCD) 

(15 in BCD) 

(No borrow. So this is the correct difference.) 

(206.7 in BCD) 

(147.8 in BCD) 

(Borrows are present, subtract 01 


0110 

0111 


.0111 

.1000 


1110 

ono 


Till 

-.0110 


0101 1000 .1001 (Corrected difference) 


EXAMPLE 3.3 Perform the following decimal subtractions in BCD by the 9’s complement 

method. 

(a) 85 - 24 (b) 305.5 - 168.8 (c) 679.6 - 885.9 

Solution 

(a) 85 85 

- 24 + 75 (9’s complement of 24) 

61 © 60 

^ +1 (End around carry) 

61 


85 jo 

1000 

0101 

(85 in BCD) 

+ 75 10 * 

+ 0111 

0101 

(9’s complement of 24 in BCD) 


nn 

1010 

(Both are illegal codes, add 0110 to each) 


+ 0110 

+ 0110 



O 0101 

O 0000 

(Propagate carry) 

+ I 

<p + 1 



I 

0110 

0000 




f 1 

(End around carry) 


0110 

0001 

(Corrected difference' 



305.5 
- 168.8 

305.5 
^ + 831.1 

(9’s complement of 

136.7 

O 136.6 
^ + 1 

(End 

around carry) 


136.7 



305.5 10 
+ 831.1 10 

oon 

^ + 1000 

0000 

oon 

0101 .oioi 

0001 .oooi 


+ 10! 1 
+ ono 

0011 

0110 .0110 


168 . 8 ) 


BCD) 

_i_. rvf 168.8 
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0 0001 0011 Olio 


.0110 

+ 1 (End around carry) 


{ V 


6"9.6 

885.9 




- :o6.i 


No cany. 
206.3. 

679.6,0 
+ 114.0 10 


0001 

0011 

0110 

.0111 

679.6 




+ 114.0 

(9 s 

complement of 

793.6 

(No 

carry) 


result is 

negative and is 

in 9 s 

0110 

0111 

1001 

.0110 

+ 0001 

0001 

0100 

.0000 

0111 

1000 

1101 

.0110 



+ 0110 


0111 

1000 

0 0011 

.0110 


+ 1 

$ 


0111 

1001 

0011 

.0110 


So the result i 


is 


.0110 (1101 is an illegal code, add 0110) 


0011 .0110 (No cany; 793.6 in BCD) 

There is no carry and, therefore, the result is negative and is in its 9’s complement 
form. The 9’s complement of 793.6 is 206.3. So the result is - 206.3. 

~ SAMPLE 3.4 Perlorm the following subtractions in 8421 code using the ]!. ; ’s complement 

method. 


342.7 - 108.9 


(b) 206.4 - 507.6 


Solution 

(a) 342.7 

- 108.9 

233.8 

342.7 
+ 891.1 


342.7 

89M (!i)'s complement of 108.9) 


O 233.8 (Ignore carry) 

0011 0100 0010 

+ 1000 1001 0001 

ion 1101 0011 


0111 

0001 

1000 


0110 + 0110 


(342.7 in BCD) 

(10’s complement of 108.9 in BCD) 

(1011 and 1101 are illegal codes, add 0110 
to each.) 


O 0001 O 0011 0011 
+ 1 <P + i $ 


.1000 i Propagate carry) 



<b) 


1000 (Ignore carry) 

■1000 (Corrected difference) 


206.4 206.4 

_ 492 4 CO’s complement of 507.6) 


— 301.2 698.8 (No carry) 

No carry. So the answer is negative and is in 10’s comnlement f™ tu 

of 698.8 is -301.2. P 1 f m ' The 10 s complement 
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206.4 0010 0000 0110 .0100 (206.4 in BCD) 

+ 492.4 + 0100-1001_ 0010 ,0100 (1Q’ S complement of 507.6 in BCD) 

0110 1001 1000 .1000 (No illegal codes, no carry) 

As there is no carry, the result is negative and is in its 10's complement form. The 10’s 
complement of 698.8 is 301.2. So the corrected difference is - 301.2 


3 3 THE EXCESS THREE (XS-3) CODE 

The Excess-3 code, also called XS-3, is a non-weighted BCD code. This code derives its 
n itric from the fact that each binary code word is the corresponding 8421 code word plus 
Oon( 3 ). It is a sequential code and, therefore, can be used for arithmetic operations, it is 
self-complementing code. Therefore, subtraction by the method of complement addition 
more direct in XS-3 code than that in 8421 code. The XS-3 code has six invalid states 
0000 0001, 0010, 1101, 1110 and 1111. 


XS-3 Arithmetic 

The XS-3 code has some very interesting properties when used in addition and subtraction. 
To add in XS-3 add the XS-3 numbers by adding the 4-bit groups in each column starting 
from the LSD. if there is no carry out from the addition of any of the 4 -bit groups, subtract 
0011 from the sum term of those groups (because when two decimal dl »* “ 

sunfterm of lse group^because when there is a camy, the invalid states are slopped and 

the result is in normal binary). , ti h 43 , gr0 up of the 

To subtract in XS-3, subtract the XS-3 from Z LSD. If 

subtrahend from the corresponding 4-bit group ot ■ ^ ^ dif f crence term of such 

there is no borrow from the next 4-bit group, add 0011 to the dt^ ^ ^ ^ (he 

groups (because when decimal digits are su trac e t . difference term 

result is in normal binary). If there is a borrow, riW °1. tan th, ^ ^ ^ 

(because taking a borrow is equivalent to a ' n ® s 9 > s complement or the 10’s 
XS-6). In practice, subtraction is performed by the 

complement method. 

EXAMPLE 3.S Perform the following additions in 

(b) 37 + 28 


(a) 5+3 


XS-3 code. 

(c) 247.6 + 359.4 


Solution 


(a) 


5 

+ 3 
8 


1000 
+ Q UO 

1110 
- 0011 


(5 in XS-3) 
(3 in XS-3) 
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(b) 37 

o 

+ 28 

0110 

1010 

(37 in XS-3) 

+ 0101 

1011 

(28 in XS-3) 

65 

1011 

O 0101 

(Carry generated) 


+ 1 

<? 

(Propagate carry) 


1100 

0101 

(Add 0011 to correct 0101) 


- 0011 

+ 0011 

(Subtract 0011 to correct 1100) 


1001 


1000 


(c) 247.6 

+ 359.4 

607.0 


0101 

0111 

1010 

.1001 

(247.6 in XS-3) 

+ 0110 

1000 

1100 

.0111 

(359.4 in XS-3) 

1011 

1111 

O 0110 

O .0000 

(Carry generated) 


+ I 

<? + 1 

<p 

(Propagate carry) 

1011 
+ I 

O 0000 
<p 

0111 

.0000 


1100 

0000 

0111 

.0000 

(Add 0011 to 0000, 0111 and 
.0000) 

- 0011 

+ 0011 

+ 0011 

+ .0011 

(Subtract 0011 from 1100) 

1001 

0011 

1010 

.0011 

(Corrected sum in XS-3) 


EXAMPLE 3.6 Perform the following subtractions in XS-3 code 

(a) 267 - 175 


(b) 57.6 - 27.8 


Solution 
(a) 267 


o 


0101 

0100 


1001 

1010 


092 


(b> 


57.6 

27.8 

29.8 


0000 
+ 0011 

0011 

1000 
- 0101 


mi 

0011 

noo 


1010 

1010 


1010 (267 in XS-3) 

1000 (175 in XS-3) 

(Correct 0010 and 0000 by adding 0011) 
(Correct 1111 by subtracting 0011) 

Corrected difference in XS-3) 


0010 
+ 0011 

0101 


.1001 

.1011 


ooio mi .mo 

+ 0011 - 0 011 - .0011 

~~om fno ^o]7 


EXAMP LE 3.7 Perform the following subtract, ons in X 
met/iod- 

(a) 687 - 348 (b) 24ft _ 592 

Solution 


(57.6 in XS-3) 

(27.8 in XS-3) 

(Conect 0010 by adding 0011 and correct 
• 1110 and 1 Ml by subtracting 0011) 

(Corrected difference in XS-3) 


The subtrahend (348) in XS-3 

>f 348 = 651 


complement 
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XS .3 code of 348 = 0110 0111 1011 
r s complement of 348 in XS-3 =1001 1000 0100 
xs _ 3 C ode of 687 = 1001 1011 1010 

687 687 

~_348_ _ t _ 651 (9’s complement of 348) 

339 O 338 


(End around cany) 

(Corrected difference in decimal) 


1001 

1011 

1010 

(687 in XS-3) 

+ 1001 

1000 

0100 

(l’s complement of 348 in XS-3) 

O 0010 

a oou 

1110 

(Carry generated) 

+ 1 <? + 1 

<P 


(Propagate carry) 

" 0011 

0011 

mo 




+ 1 

(End around carry) 

0011 

oou 

nu 

(Correct 111 1 by subtracting 0011 and cor- 

+ 0011 

+ 0011 

- oou 

rect both groups of 0011 by adding 0011) 

0110 

0110 

1100 

(Corrected difference in XS-3) 


(b) The subtrahend (592) in XS-3 and its complements are: 

9’s complement of 592 — 407 

XS-3 code of 592 = 1000 1100 0101 

l’s complement of 592 in XS-3 = 0111 0011 1010 

XS-3 code of 246 — 0101 0111 1001 


246 

- 592 

- 346 


246 


+ 


407 (9’s complement of 592) 

653 (No carry) 


As there is no carry, the result is negative and is in 9’s complement form. The 9’s 
complement of 653 is 346. So, the result is 

(246 in XS-3) . 

(1’s complement of 59_ in X 
(Propagate carry) 

(Correct 0011 by adding 0011 -II correct 

1011 and 1100 by subtract,ng 0011) 


+ 0111 



noo 

0011 


(No carry) 


1001 1000 s , ,he result is negative and is in 

The sum is the XS-3 form of 653. There is 0110 0111 1001 >" XS ' 3 code 

l’s complement form. The l’s complemen 
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EXAMPLE 3.8 Perform the following subtractions in XS-3 code using the io 

complement method. 

(a) 597 - 239 (b) 354 - 672 


Solution 


(a) 10's complement of 239 - 761 

XS-3 code of 239 — 0101 0110 1100 
2 s complement of 239 in XS-3 code — 1010 1001 0100 

XS-3 code of 597 = 1000 1100 1010 


597 
- 239 


597 

761 

(10’s complement of 239) 

358 

a 358 

(Ignore carry) 



358 

(Corrected difference in decimal) 

1000 
+ 1010 

1100 

1001 


1010 

0100 

(597 in XS-3) 

( 2 ‘s complement of 239 in XS- 3 ) 

O 0010 
+ 1 

O 0101 
<p 


1110 

(Propagate carry) 

0011 
+ 0011 

0101 
+ 0011 

— 

1110 

0011 

(Ignore carry) 

(Correct 1310 by subtracting 0011 and 
correct 0101 and 0011 by adding 0011 ) 

(Corrected difference in XS -3 code) 

0110 

1000 


1011 


(b) 10's complement of 672 = 328 

XS-3 code of 672 = 1001 1010 0101 

- s complement of 672 in XS-3 code = 0110 0101 1011 
XS-3 code of 354 = 0110 1000 0111 

354 354 

~ 0 7 ° ^ 328 ( 10*8 complement of 672) 

682 (No cany) 


No carry. So the result is negative and is in its 
Oi 682 is 318, So, the answer is -318 


10’s complement form. The 


10 ’s complement 


0110 

1000 

0111 

+ ono 

0101 

1011 

1100 

1101 

0 0010 


+ 1 


1100 

1110 

0010 

- 0011 

- 0011 

+ 0011 

1001 

1011 

Olof 


(354 in XS- 3 ) 

(2’s complement of 672 in XS-3) 
(Propagate carry) 

ky adding 0011 and correct 

0 and 110 0 by subtracting 0011 ) 

(No carry) 


l tie sum is tfie XS-., ui o»2. ,i, crc 1S no carw - . 

the 2‘s complement form. The 2’s complement nfth Y ‘ . result « negative and 
an^. So, the answer is -318. P ‘ ° fthe sum »0110 0100 1011 in XS-3 


EXAMPLE 3.9 

3321, 4221, 73 


Encode the decimal digits 0 1 2 G 

-2, 631-1, 5311, 74-2-1 and 7421 . ' *’ 9 by meanS ° f wei & hted codes 


Solution 

The encoding is shown in Table 3.2. 



Table 3.2 Encoded decimal digits 


3 

3 

2 

1 

4 

2 

2 

1 

7 3 1- 

2 

6 3 1- 

■1 

5 3 11 

7 - 

4 - 

-2 - 

-1 

7 4 2 1 

0 

0 

0 

0 

0 

0 

0 

0 

0 0 0 

0 

0 0 0 

0 

0 0 0 0 

0 

0 

0 

0 

0 0 0 0 

0 

0 

0 

1 

0 

0 

0 

1 

0 0 1 

0 

0 0 1 

0 

0 0 0 1 

0 

1 

1 

1 

0 0 0 1 

0 

0 

1 

0 

0 

0 

1 

0 

0 1 1 

1 

0 1 0 

1 

0 0 11 

0 

1 

1 

0 

0 0 10 

0 

0 

1 

1 

0 

0 

1 

1 

0 1 0 

0 

0 1 0 

0 

0 10 0 

0 

1 

0 

1 

0 0 11 

0 

1 

0 

1 

1 

0 

0 

0 

0 1 1 

0 

0 1 1 

0 

0 10 1 

0 

1 

0 

0 

0 10 0 

1 

0 

1 

0 

0 

1 

1 

1 

1 0 0 

1 

1 0 0 

1 

10 0 0 

1 

0 

1 

0 

0 10 1 

1 

1 

0 

0 

1 

1 

0 

0 

1 0 1 

1 

1 0 1 

1 

10 0 1 

1 

0 

0 

1 

0 110 

1 

1 

0 

1 

1 

1 

0 

1 

1 0 0 

0 

1 0 1 

0 

10 11 

1 

0 

0 

0 

10 0 0 

1 

1 

1 

0 

1 

1 

1 

0 

1 1 0 

1 

1 1 0 

1 

110 0 

1 

1 

1 

1 

10 0 1 

1 

1 

1 

1 

1 

1 

1 

1 

1 1 1 

1 

1 1 1 

1 

110 1 

1 

1 

1 

0 

10 10 


3.4 THE CRAY CODE 

The Gray code is a non-weighted code, and is not suitable for arithmetic operations. It is 
not a BCD code It is a cyclic code because successive code words in this code differ in 
2 ^position only, i.e. iUs a unit d.stance code. I. is the mostpopular of *e uni. distance 

codes. It is also a reflective code. The « least s.gmficautohteined by 

the mirror images of those for 0 through 2 ■ . . nuttine the MSB of 

reflecting an TV - 1 bit code about an ^ts at the en ^ Gray co des is shown in 

0 above the axis and the MSB oi 1 below c au " L Gr ay-coded number corresponding 
Table 3.3. Another property of the Gray code i> ‘j , ( ■ one ^ position only, 

to the decimal number 2"' 1 for any « differs it Stance from 

This property places the Gray code tor the largest ^ ^ arbitrary number, or 

0. It is easier to determine the pattern assignmet ^ . conversions to and from binary, 

decode an arbitrary number Gray code pattern using 0 f conversion to and from 

In fact, one reason for the popularity oi the ra> <j° ^ ncau isition systems where linear or 
binary. Gray codes arc used in instrumentation an u a ^ encoders, I/O devices, AT 

angular displacement is measured. They are a so u 

converters and other peripheral equipment. D osition in 3-bit binary (Fig. ■ ■ 

Consider a rotating disk that provides an output o *1*^ ^ they are 0 „ , white 
When the brushes arc on the black part, they outpu '• consider now wh at happens 
sector they output a 0. Suppose the disk is coded in bin V. ^ ^ 000 ^tor. 
when the brushes are on the 111 sector the position would be indicated 

brush were slightly ahead of the other, say t e . disk position wou n- 

by a 011 instead of a 111 or 000. Therefore. a aligned, some error would always 
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Table 3.3 Reflection of Gray codes 


Gray code 


1-bit 

2-bit 

3-bit 

4-bit 

0 

0 0 

0 0 0 

0 0 0 0 

1 

0 1 

0 0 1 

0 0 0 1 


t 1 

0 1 1 

0 0 11 


1 0 

0 1 0 

0 0 10 



1 1 0 

0 110 



1 1 1 

Q 1 1 1 



1 0 1 

0 10 1 



1 0 0 

0 10 0 


Decimal 4-bit binary 


110 0 

110 1 

1111 

1110 

10 10 

10 11 

10 0 1 
10 0 0 


0 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 


0 0 0 0 
0 0 0 1 
0 0 10 
0 0 11 
0 10 0 
0 10 1 
Olio 
0 111 
10 0 0 
10 0 1 
10 10 
10 11 
110 0 
110 1 

1110 

1111 


,h r f ges °J C SCCt0rS - If the disks were coded in gray, a similar error would 

T L ’ 10 inS,ead ° f 010 C3USing 3 Ver > Smal1 erT0r - i e - if th « b™hes 

ahead ,h V 010 and almost ready to enter the 110 sector and if the 4’s brush is slightly 
-ihead, the position would be indicated bv 110 nf mn roc ® ^ 

Figure 3.1 illustrates this «J£r * ^ ° fOI ° reSull ' ns in a ver * sma " e ™ r - 



(a) E.nary code 



(b) Gray code 


Fig. 3.1 Position indicating system 


Binary Codes 73 


Binary-to-crav conversion 


G„ G„- i* • - G i* 


the 


t* * ** n 

binary code as follows. 




instil Lilt; 


\jiay uuuc dus are obtained 




g„ = b„ 

_ \ ~ © B rt _ j 

g„- 2 = b„,®b„. 2 


G[ - B 2 © Bj 

where the symbol © stands for the Exclusive OR (XOR) operation explained below. 

The conversion procedure is as follows: 

1 Record the MSB of the binary as the MSB of the Gray code. 

2. Add the MSB of the binary to the next bit in binary, recording the sum and ignoring 
the carry, if any, i.e. XOR the bits. This sum is the next bit of the Gray code. 

3 Add the 2nd bit of the binary to the 3rd bit of the binary, the 3rd bit to the 4th bit, 
and so on. 

4. Record the successive sums as the successive bits of the Gray code until all the 
bits of the binary number are exhausted. 

Another way to convert a binary number to its Gray code is to Exclusive OR (i.e. to 
take the modulo sum 00 the bits of the binary number with those of the binary number 
shifted one position to the right. The LSB of the shifted number is discarded and the MSB 
of the Gray code number is the same as the MSB of the original binary number. 

EXAMPLE 3.10 Convert the binary 1001 to Gray code. 


Solution 


(a) Binary 1 0 0*- 0 —0*- 1 


Gray 1 


0 


(b) Binary 

Shifted binary 
Gray 


10 0 1 
1 0 0 o 


110 1 


Method I. As shown in (a), record the 8’s bit ‘1 (MSB)/hifof^hTbin^y 0 + 0 = l ) 
the Gray code. Then add the 8’s bit ot the binary to ^ ^ ^ binary t0 the 2’s 

Record the sum as the 4's bit oi the Gray co t. k n f the Gray code. Add the 2*S 

bit of the binary (0 + 0 = 0). Record the sum * e _ R ec0 rd the sum as the l’s bit 
bit of the binary to the Ts bit ot the binarv ( 

Of ihe Gray code. The resultanl Gray code is 1 ■ ^ (o (he same numb er 

Method II. As shown in (bu write the given binar> n j e j as the MSB ot the Gray 

shifted one place to the right. Record the M ^ 0 q + 0 = 0; 1 + 0 “ 1) anc * recor( ^ ine 
code. Add the subsequent columns (0 + 1 ” ’ ... r tbe Grav code. Ignore the bit 

corresponding sums as the subsequent sigmtican 
shifted out. The resultant Gray code is 1101* 
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Cray-to-Binary Conversion 

'r-bit Grav number is represented byG„G„_|. . -G] and its binary equivalent 
by iB B j. . B , then binary bits are obtained trom Gray bits as follows: 

B„= G„ 

B„_ | = B„ © G„ „ , 
b „-2 = B„_j® G rt _ 2 


B, = B : © G, 


The conversion procedure is: 

1 The MSB of the binary number is the same as the MSB of the Gray code number; 
record it. 

2 Add the MSB of the binary to the next significant bit of the Gray code, i.e. XOR 
them; record the sum and ignore the carry. 

3 Acd the 2nd bit of the binary to the 3rd bit of the Gray; the 3rd bit of the binary 
to the 4th bit of the Gray code, and so on. 

4. Continue this till all the Gray bits are exhausted. The sequence of bits that has been 
written down is the binary equivalent of the Gray code number. 


EXAMPLE 3,11 Convert the Gray code 1101 to binary. 
Solution 

The conversion is done as shown below: 

Gray 1 10 1 

II X II X II X II 

Binary 3 0 0 1 


Record the 8's bit (MSB) of the Gray code as the 8’s bit of the binary. Add the 8’s 
bit of the binary to the 4’s bit of the Gray code (1 + 1 = 10) and record the sum (0) as 

the 4’s bit of the binary (ignore the carry bit). Add the 4’s bit of the binary to the 2’s bit 

of the Gray code (0 + 0 = 0) and record the sum as the 2’s bit of the binary. Add the 2’s 

bit or the binary- to the i’s bit of Gray code (0 + 1 = i) and record the sum as the l’s 

bit of the binary. The resultant binary number is 1001, 


The xs-5 Cray code 

In a normal Gray code, the bit patterns for 0 (0000) and 9 (1101) do not have a unit 
distance between them. That is, they differ in more than one position. In XS-3 Gray code, 
cac.r decimal digit encoded with the Gray code pattern of the decimal digit that is greater 
: I* has a uni; ; stance between the patterns for 0 and 9. f able 3.4 shows the XS-3 

Grav code for decimal digits 0 through 9. 
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Table 3.4 The XS-3 Gray code for decimal digits 0-9 


Decimal digit 

XS-3 Gray code 

Decimal digit 

XS-3 Gray code 

‘ 0 

0 

0 

1 

1 

0 

5 

1 1 

0 

0 

1 

0 

1 

0 

6 

1 1 

0 

1 

2 

0 

1 

1 

1 

7 

1 1 

1 

1 

3 

0 

1 

0 

1 

8 

1 1 

1 

0 

4 

0 

1 

0 

0 

9 

1 0 

1 

0 


3 .5 ERROR-DETECTING CODES 

When a binary data is transmitted and processed, it is susceptible to noise that can alter or 
distort its contents. The Is may get changed to Os and is to Is. Because digital systems 
must be accurate to the digit, errors can pose a serious problem. Several schemes have been 
devised to detect the occurrence of a single-bit error in a binary word, so that whenever 
such an error occurs the concerned binary word can be corrected and retransmitted. 

parity 

The simplest technique for detecting errors is that of adding an extra bit, known as the 
parity bit to each word being transmitted. There are two types of parity—odd parity and 
even parity. For odd parity, the parity bit is set to a 0 or a 1 at the transmitter such that 
the total number of 1 bits in the word including the parity bit is an odd number. For even 
parity the parity bit is set to a 0 or a l at the transmitter such that the total number of 1 
bits in the word including the parity bit is an even number. Table 3.5 shows the parity bit, 
to be added to transmit decimal digits 0 through 9 in the 8421 code. 


Table 3.5 Odd and even parity in the 8421 BCD code 


Decimal 


Odd parity 


Even parity 


0 

1 

2 

3 

4 

5 

6 

7 

8 

9 



'- “ " T. ino circuit generates an error signal it 

When the digital data is received, a parity c ec ^ ^ even . par ity system. This 

e total number of Is is even in an odd-panty sy ^ detecl two or more errors 
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simultaneously, althLViTmlzero h \T Q n ab ' lily ,h# * lwo or more 
than eve n naniv k„ zero, is substantially small** r\ j_. morc errors win 

®5^^^saaiM5«BKa&- 

«r: ■ssvsr.^r ’“„ 

possible 2* combinations of digits * h c ™r-detectin 8 code, no (si ^ 

10 decimal digits, at least S bintry disits“LTV"" 10 ob,ai " a " enor-d^St alf of 1 
a manner *at in order to change me valid e a USed Thc »de words are chi" 8 COdc 1 
O digits must be complemented a end ^ WOrd 111,0 “other valid code w ,*? ' n SU| 

£ ir i Th:t - 

"* d,sunce between 00,1 a "« '<"0 * rl S0 ,hc distcctCt mT• 

EXAM Pi r t n t anc ^ ^00 is < 

even-parity scheme, which of the following words contai 

(a) , 01010,0 (b) 11110110 (c, , 0 ,„r nW ° r 

Solution [) 101,1 001 

('b! The number a i's L" £ Zl * Z $ TT’ Z' * n ° *"»• 

<c) The —° f *■ * - d d K^XTeT- 

example 3.13 In an odd-parity scheme, which of the following words contain an error? 

(b) 10011010 (c) 11101010 


oftei 
«$££j 


(a) 1011011] 


Solution 

(a) The number of Is in the word is even (f>\ o , k - 

(b) The number of Is in the word is even 4 ' So , J“ " m0T ' 

(c) The number of Is in ^°* wor d has an error. 

number of Is in thc word ts odd (5). Therefore, there is no error. 

Check Sums 

difficulties K> useTsort'of T a" 0 ™ ,he same word °" a w ay of overcoming (his 

to thc sum of the nr ■ ° dlmenslonal P ar "y- As each word is transmitted, it is added 

A, t“d„r P USly ‘ ranSmlHed words - “ d ,h <= sum retained at the transmitter end. 

xleter The re SIOn V t SUm ,he CheCk «* >° ‘ ba > «• to .he 

lame rbJ Cbeck ,IS Sum with ,ha 'emitted sum. If the two sums are the 

location 00 WCrC ate p te d at the receiver end. If there is an error, thc receiving 

.-.cation can ask for retransmission of the entire data. This is the type of transmission used 
in teleprocessing systems. 


Block Parity 

A nen several binary words are transmitted or stored in succession, the resulting collection 
of biti can be regarded as a block oi data, having rows and columns. Parity bits can then 
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be assigned to both rows and columns. This scheme makes it possible to correct any single 
error occurring in a data word and to detect any two errors in a word. The parity row is 
often called a parity word. Such a block parity technique, also called word parity, is widely 
used for data stored on magnetic tapes. 

For example, six 8-bit words in succession can be formed into a 6 * 8 block for 
transmtssion. Parity bits arc added so that odd parity is maintained both row-wise and 
column-wise and thc block is transmitted as a 7 * 9 block as shown in Table A At the 
receiving end, parity is checked both row-wise and column-wise and suppose errors are 
detected as shown in Table B. These single-bit errors detected can be corrected by 
complementing the error bit. In Table B, parity errors in the 3rd row and 5th column mean 
that the 5th bit in thc 3rd row is in error. It can be corrected by complementing it 
Two errors as shown in Tabic C can only be detected but not corrected. In Table C, parity 
errors are observed in both columns 2 and 4. It indicates that in one row there are two'errors. 


Parity row -> 


0 

1 

0 

1 

1 

0 

0 


0 

1 

0 

1 

1 

0 

0 



1 

0 

1 

1 

0 

1 

1 


0 

0 

1 

0 

0 

1 

1 


1 0 
0 0 
1 1 
t 0 
0 0 
11 
t 1 


Table A 




0 

1 

0 

0 

1 

1 

0 

T Parity column 


Table B 

110 1 
10 10 
0 0 11 
10 0 1 

Olio 
10 1 1 

toil 



0 

1 

1 

1 

0 


0 

0 

1 

1 

0 


Parity error in 3rd row 


T Parity error in 5th column 


Table C 

10 110 11-0 
0 0 1 o 1 o 1 ; 1 

i i o i i i o : o 

o o o o o i i : o 

oooi ioi:i 
i i i o i i i : i 

i i i o i To o 
T r 

Parity errors in 2nd and 4th columns 
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Five-bit Codes 


Some 5-bit Bi D codes that have parity contained within each code for ease r 
detection are shown in Table 3.6. The 63210 is a weighted code (except for ,1 1 Crror 
digit 0)_lt has the useful error-detecting property that there are exactly two Is in eJh C,mai 
group. This code is used for storing data on magnetic tapes. The 2-out-of-5 code is H C ° de 
weighted code. It also has exactly two Is in each code group. This code is used l?' 
itiephone and communication industries. At the receiving end, the receiver can rh I’ * 

cr h J S u n e3Ch CharaCter received The shift-counter code, also called the /oh ° 
code has the bit patterns produced by a 5-bit Johnson counter. The 51 III codeV —I* 
to Johnson code but is weighted. code 1S simi, ar 


Table 3.6 Five-bit BCD codes 


Decimal 

6 3 2 1 0 

2-out-of-5 

Shift-counter 

0 

1 

0 0 110 

0 0 0 1 1 

0 0 0 0 0 

0 0 0 1 1 

0 0 10 1 

0 0 0 0 1 

2 

A 

0 0 10 1 

0 0 110 

0 0 0 1 1 

3 

0 10 0 1 

0 10 0 1 

0 0 111 

4 

0 10 10 

0 10 10 

0 1111 

5 

0 110 0 

0 110 0 

11111 

6 

1 0 0 0 1 

1 0 0 0 1 

11110 

7 

8 

Q 

10 0 10 

10 0 10 

1110 0 

10 10 0 

10 10 0 

110 0 0 

y 

11000 

110 0 0 

1 0 0 0 0 


The Biquinary Code 


_5J 1 1 1 

0 0 0 0 0 
0 0 o 0 1 
0 0 0 1 1 
0 0 111 
0 1111 
1 0 0 0 0 
110 0 0 
1110 0 
11110 
11111 


Hf: i 


' - SS.SXS ZZL tasssKSi: ^ 


Decimal digit 


0 

1 

2 

3 

4 

5 

6 

7 

8 
g 


Table 3.7 The biquinary code 


5 0 


0 
0 
0 
0 
0 
1 
1 
1 
1 
1 


1 

1 

1 

1 

1 

0 

0 

0 

0 

0 


Biquinary code 

4 3 2 1 


0 0 
0 0 
0 0 


0 

1 


0 

1 

0 

0 


1 

0 

0 

0 


o 0 


0 

1 


0 0 


1 

0 


0 o 
0 0 
0 o 


0 

1 


1 

0 


1 

0 


0 0 
0 o 


0 

1 

0 

0 

0 

0 

1 

0 

0 

0 

0 
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5-bit subgroup, and each ol these subgroups contains a single 1. Thus it has the error- 
checking feature, for each code group has exactly two Is and each subgroup has exactly 
one 1. The weights of the bit positions are 50 43210. Since there are two positions with 
vveight 0, it is possible to encode decimal 0 with a group containing Is, unlike other 
weighted codes. The biquinary code is used in the Abacus. 

The Ring-counter Code 

A 10-bit ring counter will produce a sequence of 10-bit groups having the property that each 

group has a single I. The ring-counter code shown in Table 3.8 is the code obtained by 

assigning a decimal digit to each of those ten patterns. It is a weighted code (9 8 7 6 5 

4 3 2 10) because each bit position has a weight equal to one of the 10 decimal digits 

Although this code is inefficient (for 1024 numbers can be encoded in pure binary with 10 

bits as against 10 numbers only in ring-counter code), it has excellent error-detecting 
properties and is easier to implement, B 


Decimal digit 


Ring-counter code 
987654321 0 


0 

1 

2 

3 

4 

5 

6 

7 

8 
9 


000000000 
0000000 0 1 
000000010 
0000001 00 
0000010 0 0 
00001 0000 
0001 00000 
00100000 0 
010000000 
1 oooooooo 


1 

0 

0 

0 

0 

0 

0 

0 

0 

0 


3.6 ERROR-CORRECTING CODES 

deduced l Said 10 be an error - correctin S code, if the correct code word can always be 
ndniml T^ an / rr e n ? US WOrd For 3 code to be a single-bit error-correcting code, the 
smallest n \ ^ Codc must be three * The minimum distance of a code is the 

di S tan Ce nflt ^ ** 7 h ‘ Ch a " y tW0 code words must differ. A code with minimum 
two bit error? Th Ca H 001 ^ C0ITCCt singic ' bit crrors ’ but aIso detect (but cannot correct) 
erroneous dieits ^r ^ ^ corrcction is that il must be possible to detect and locate 

the erroneo. E d , T ° Cati0n of an error has been determined, then by complementing 

Hammin, ^ message can be corTe cted. One type of error-correcting code is the 

hmmng code In this code, to each group of* information or message or^ data bits * 

parny- c+ heckmg bus denoted by P„ P 2 „ . P, located at positions 2* ' are added to folm 

t co e word. To correct the error, k parity checks are performed on selected 
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d:gits of each code word, and the position of the error bit is located by forming an error 

word, and the error bit is then complemented. The v-bit error word is generated by puttinj, 

-= 0 or aim the 2* th position depending upon whether the check for parity involving the 
parity bit P t is satisfied or not. 

The 7-bit Hamming code 

lo transmit four data bits, three parity bits located at positions 2°, 2 1 , and 2‘ are added to 

make a '-bit code word which is then transmitted. The word format would be as shown 
below: 

d 7 d 6 d s p 4 d 3 p 2 p, 

w:iere the D bits are the data bits and the P bits are the parity bits, P, is set to a 0 or I 
so that it establishes even parity over hits 1, 3. 5, and 7 (P, D, D s D 7 ). P, is set to a 0 
or a 1 to establish even panty over bits 2. 3, 6 and 7 (P, D } D 6 D 7 ). P 4 is set to a 0 or 
a 1 to establish even parity over bits 4. 5. 6, and 7 (P 4 D 5 D 6 D 7 ). The 7-bit Hamming code 

for the decimal digits coded in BCD is shown in Table 3.9. 


Table 3.9 The 7-bit Hamming code 


Decimal digit 

D, 

D 6 

Hamming 

D, p, 

code 

bits 

p ? 

p. 


0 

0 

0 

0 

0 

0 

0 

0 


1 

0 

0 

0 

0 

1 

1 

1 


2 

0 

0 

1 

1 

0 

0 

1 


3 

0 

0 

1 

1 

1 

1 

0 


4 

0 

1 

0 

1 

0 

1 

0 


5 

0 

1 

0 

1 

1 

0 

1 


6 

0 

1 

1 

0 

0 

1 

1 


7 

o 

0 

1 

1 

0 

1 

0 

0 


0 

1 

0 

0 

1 

0 

1 

1 


9 

1 

0 

0 

1 

1 

0 

0 



EVVMPLK 3.14 Encode data bits 0011 into the 7-bit even-par, ty Hamming 


Solution 


code, 


The bit pattern is 


D 6 D 5 p 4 d } 

0 0 1 i 




I 


Bits 1. 3, 5. 7 (i.e. P, 1 I 

Bits 2, 3, 6, 7 (i.e. P, 1 0 

Bits 4. 5. 6. 7 (i.e. P 4 I 0 

Therefore the final code is 


must have even parity. So. 
0) must have even parity. So, 
0) must have even parity. So. 

0011110. 


P| must be a 0. 
P 2 must be a 1. 
P 4 m ust he a I. 
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At the receiving end, the message received in Hamming code is decoded to see if any 
errors have occurred. Bits 1, 3, 5, 7, bits 2, 3, 6, 7, and bits 4, 5, 6, 7 are all checked 
for even parity. If they all check out, there is no error. If there is art error, the error bit 
can be located by forming a 3-bit binary number out of the three parity checks and the error 
bit is then corrected by complementing it. 

Assume that a 7-bit Hamming code is received as 1111001. Analyzing the bits 1, 3, 5, 7 
(10 1 I) of which P, is a parity bit, an error is detected. So, put a 1 in the l’s position 
of the error word. Analyzing the bits 2, 3, 6, 7 (0 0 1 1) of which P 2 is a parity bit, 
no error is detected. So, put a 0 in the 2’s position of the error word. Analyzing the bits 
4, 5, 6, 7 (I I 1 1) of which P 4 is a parity bit, no error is detected. So, put a 0 in the 
4's position of the error word. So the error word is 001, a decimal 1. Therefore, the bit 
in position 1 is in error; complement it. The corrected code should be read as 1111000. 

The concept of 7-bit Hamming code discussed above can be extended to any number 
of bits by inserting parity bits at 2" bit positions. The format for a 15-bit Hamming code 
would be as shown below. 

D IS d I4 D I3 D I2 D m D l0 D 9 P g D 7 D 6 D s P 4 D 3 P 2 P |f 

EXAMPLE 3.15 The message below coded in the 7-bit Hamming code is transmitted 

through a noisy channel. Decode the message assuming that at most a single error occurred 
tn each code word. 


1001001011100111101100011011 


Solution 


The given data is of 28 bits; split it into four groups of 7 bits each and correct for the error 
it any, in each group and write the corrected data. 

First group is 1 0 0 1 0 0 1 


1. 3, 5, 7 (1001) 

** 

no error 

2, 3, 6, 7 (0001) 


error 

4 . 5, 6, 7 (1001) 


no error 

The error word is 

1 0 0 1 0 I I. 

010. So, 

complement 

Second group is 0 1 

110 0 

l 

3, 5, 7 (1010) 


no error 

2- 3, 6, 7 (0010) 


error 

4 * 5, 6, 7 (1110) 


error 



put a 0 in the 1 s position 


put a 1 in the 2’s position 


put a 0 in the 4’s position 

the 2nd 

bit. Therefore, the correct code is 


put a 0 in the I’s position 

-> 

put a 1 in the 2's position 


put a 1 in the 4’s position 
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The error word is 110. So, complement 

the 6th bit. Therefore, the correct C od e 

0 0 1 10 0 1. 




Third group is M 1 

0 110 



1, 3, 5, 7 (0111) 

-> error 


put a 1 in the 1 

2, 3, 6, 7 (1111) 

no error 


put a 0 in the 2's p osition 

4. 5, 6, 7 (0111) 

error 


put a 1 in the 4's po sition 

The error word is 101 

. So, complement the 5th bit. 

Therefore, the correct code ‘ 

is 

1 1 0 0 1 1 0 



Fourth group is 0 0 1 

10 11 



1, 3, 5, 7 (1010) 

no error 

4 

put a 0 in the 1 •, po silion 

2, 3, 6, 7 (1000) 

error 


put a 1 in the 2's position 

4, 5, 6, 7 (1100) 

no error 

4 

put a 0 in the 4’s position 


(M) iTo 7l iS ° 10 ' S °' Compleracm lhe 2nd bit Therefore, .he correct code is 

Therefore, the corrected message is 1001011001100111001100011001. 

3.7 ALPHANUMERIC CODES 


decimal digits. They^re^sed prim^I^f 0 ^ ^ characters alphabet in addition ft 

- O devices such as printers, keyboards and videlT' 11 ] 8 ^ betWeen com P uters an( 
oi bits used in most alphanumeric codes i . dls P terminals. Because the nut 

ectmal digits and 26 alphabetic character® f t, mUC more tbose required to encodi 

t°h °?co Symb ° ,S ^ Actions as well Th ^ C ° dCS incIude bit patterns for a wide n 
the ASCII code and the EBCDIC code. “ m ° SI P ° P “ lar modem alphanumeric codes 

The ASCII code 

The American Standard Code for t r 

is a widely used alphanumeric " ormation Interchange fAQrm . t *c K ] 

ddierent bit pattern® th , ode ‘ This is bacilli g (ASCI1 ) pronounced as ASKJ 

to encode both the in * ^ be creat ed with 7 w* * 3 - 7 ' bit code - Since the number 

2 “ l28 ' ASCII can *• 

printers and terminals that ’ ' n add,tion to the in a ° f tbe aI Phabet (52 symbols) * 
make provisions for L a mterface with small digits - h i$ Used extensively 

binary numbers, ASCII is vm!*” 10 ^* 011 ' Because**!*!^ Systems - Many large systems a 

* easy for a computer * T * C . teTS are assigned in asccn 

0 alphabetize and sort. 
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table 3,10 shows the ASCII code groups. For case of presentation, they are listed with 
the three most significant bits of each group along the top row and the four least significant 
bits along the left column. 


Table 3.10 The ASCII code 


MSBs 


LSBs 



0 0 0 

0 0 1 

0 1 0 

0 1 1 

1 0 0 

1 0 1 

1 1 0 

111 

0 0 0 0 

NUL 

j DEL 

Space 

1 0 

@ 

P 


p 

0 0 0 1 

SOH 

DC1 

1 

1 V 

1 

A 

Q 

a 

q 

0 0 10 

STX 

DC2 

44 

2 

B 

R 

b 

r 

0 0 11 

ETX 

DC3 

# 

3 

C 

S 

c 

s 

0 10 0 

EOT 

DC4 

s 

4 

D 

T 

d 

t 

0 10 1 

END 

NAK 

% 

5 

E 

U 

e 

u 

0 110 

ACK 

SYN 

& 

6 

F 

V 

f 

v 1 

0 111 

BEL 

ETB 

4 

7 

G 

W 

g 

W ! 

10 0 0 

r BS 

CAN 

l* ( 

8 

H 

X 

h 

X 

10 0 1, 

HT 

EM 

) 

9 

1 

Y 

* 

J 

y 

10 10 

LF | 

SUB 

41 

* 

J 

Z 

* 

J 

Z 

10 11 

VT 

ESC 

+ , 

1 

K 

[ 

k 

{ 

110 0 

■ 

FF 

FS 

V 

< 

L 

\ 

1 

1 

110 1 

CR 1 

GS 



M 

] | 

m 

} 

1110 
-- . 

SO 

RS 

i 

> 

N |, 

A 

n ! 

- J 

Mill 

SI 

US 

-J. , 

? , 

* 

O 

| 

0 

DLE j 


Abbreviations 


ACK 

BEL 

BS 

CAN 

CR 

DC1 

DC2 

DC3 

DC4 

DEL 

DLE 


Acknowledge 

Bell 

Backspace 

Cancel 

Carriage return 
Direct control 1 
Direct control 2 
Direct control 3 
Direct control 4 
Delete idle 
Data link escape 


EM 

End of medium 

NAK 

Negative acknowledge 

ENQ 

Enquiry 

NUL 

Null 

EOT 

End of transmission 

RS 

Record separator 

ESC 

Escape 

SI 

Shift in 

ETB 

End of transmission 

block SO 

Shift out 

EXT 

End of text 

SOH 

Start of heading 

FF 

Form feed 

STX 

Start text 

FS 

Form separator 

SUB 

Substitute 

GS 

Group separator 

SYN 

Synchronous idle 

HT 

Horizontal tab 

US 

Unit separator 

LF 

Line feed 

VT 

Vertical tab 
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The ebcoic code 


he Extended Binary Coded Decimal Interchange Code (EBCDIC) pronounced as Vh ^ , 

EBCD r b "^' Ph,n T eriC T 6 *' Si "“ 2 ' (= 2S6) bil P a,tems ca " be formed with 8-biis 5 
I '( can be used ,0 enco<lc a » Ibc symbols and control characters found in ASt n' 
■ ^odes many other symbols too. In fact, many of the bit patterns in the EBCDtr C i*' 

— by most large computers to communicate in a ph^ .er e 1? 

rCD’,;?^ I***' b ' nar > ^ representing chaLe^h Zl 

BlD as the basis of binary assignment. Table 3.11 shows the EBCDIC code. ^ 

Table 3.11 The EBCDIC code 



MSD (Hex) 


LSD 

(Hex) 


SUMMARY 

“T “ deS may be "“"“rne or alphanumeric 
Alphanumeric codes represent the letters of the n 

sequence of Os and Is. * babet and decimal numbers as a 

A sequence of binary digits such as that reDresemin . ■ 

word presenting a decimal digit, i s ealled a code 

Numeric codes used to represent decima. numbers are called BCD codes. 
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• The BCD codes may be weighted or non-weighted. The weighted codes obey the 
position-weighting principle. 

• In every positively-weighted code, one of the weights must be 1, the second must be 
either I or 2 and the sum of all the weights must be equal to or greater than 9. 

• Positively-weighted codes are those codes in which all the weights assigned to the 
binary digits are positive only. 

• Negatively-weighted codes are codes in which at least one of the weights assigned to 
the binary digits is negative. 

• There are 17 positively-weighted codes, out of which only four are self-complementing. 

• There are 13 negatively-weighted self-complementing codes. 

• In a sequential code, each succeeding code word is one binary number greater than 
its preceding code word. 

• In a self-complementing code, the code word for the 9’s complement of N is the l’s 
complement of the code word for M 

• For a code to be self-complementing, the sum of positional weights must be 9 

• In a cyclic code each successive code word differrs in only one digit position from 
its preceding code word, 

• The 8421 BCD is less efficient than pure binary, but its main advantage is its ease of 
conversion to and from decimal. 

• Each one of the 4-bit BCD codes has 6 illegal states. 

• The XS-3 BCD code is a non-weighted code, but is used for mathematical operations 
because it is a sequential code. 

• In the XS-3 code, each binary code word is the corresponding 8421 code word plus 
0011. 

• Where special additive requirements exist, the XS-3 code can be used; and where 
mechanical systems must be used, binary coded Gray codes are helpful. 

• The Gray code is a unit distance code and its main advantage is its ease of conversion 
to and from binary. 

• The Gray code is not a BCD code; it is not sequential, but cyclic and reflective. 

• The Gray code cannot be used for mathematical operations. It is used in instrumentation 

and data acquisition systems where linear or angular displacement is measured. It is used 
in shaft encoders, I/O devices, A/D converters and other peripheral devices. 

• The simplest technique for detecting a single error is that of adding an extra bit, 
known as parity bit, to each word being transmitted. 

• For even parity, the parity bit should be set to a 0 or a 1, so that the total number 

of Is in the word to be transmitted including the parity bit is even. 

• For odd parity the parity bit should be set to a 0 or a 1, so that the total number of 

Is in the word to he transmitted including the parity bit is odd. 

• Odd parity is used more often than even parity, because even parity does not detect 
a situation where all Os are created by a short circuit or any other fault condition. 




















































































































































































































































































































• A code is said to be error detecting, if it possesses the property such that th 
occurrence ot a single error transforms a valid code word into an invalid one 

c neck sums provide a sort ot two-dimensional parity. 

:•> oo, pan tv can correct any single error in a data word and detect any two errors ; 
a data word. 11 

A code is said to be error correcting, if the correct code word can always be deduc.H 
from an erroneous word. 

e minimum distance of a code is the smallest number of bits by which anv m , 
code words differ. y tWo 

The minimum distance of both BCD and XS-3 codes is I. 

I he number of digits that must change in a word to get the other word is the distant 
between those two words. fiance 

Tr m S ™ le " b H r™ de, f c, J 0 "' lhc rainimum distancc between code words must be two 
or more, and for single-bit error correction it must be three or more. 

Hamming codes can, not only detect errors but also correct them 

* <■* * *— - 

The^sai code and the EBCD.C code are the most popular, modem alphanumeric 

s “"cor,htr oTc& se,uenee for 


QUESTIONS 

word. ( b , a weighted code and 
“*? positir ely-weighted code and a negatively.weighted 

f ■ T 31 f y ° U mea " by S,raiBh, coding? 

‘ ‘ Vhal d » you mean by a sequential code’ Write 

4 - What do you mean bv a selfrn i sequential codes. 

by self-complementing code? Write two sel Complementing 

5 * Wb * ts condition for a code to be a self, , 

6 * What do you mean by a cyclic code? G' p}eir,ent,n 8 code? 

7 - What is a BCD code? What are its ad “ CXamplC ° f 2 cyclic code - 
“• ^ 0mpare BCD a " d binary systems of a " d 

' Defined cTc^d XS^Cm T °" CXampte - 

XS ‘ 3 code C ° ha ‘ arc their client features? Write the 

''' sZlZnT ^ W BCD addl,ion a "“ sub, rac , i0 „. and , b) _ j 


9. 

10 . 
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[2. What do you mean by the Gray code? What are its applications? 

13 . How do you convert a binary number to a gray number and vice versa? 

14 . What do you mean by a reflected code? Write an example. 

15 . What do you mean by a unit distance code? Write one such 4-bit code. 

16. What is a parity bit? What do you mean by odd and even parity systems? What is 
block parity? Why is odd parity used more often than even parity? 

17. What do you mean by an error-detecting code and an error-correcting code? 
Enumerate their requirements. 

18. What do you mean by the minimum distance of a code? 

19. Define check-sums? 

20. Name some 5-bit codes. 

21. What is the error checking property of the biquinary code? 

22. What are the advantages and disadvantages of the ring-counter code? 

23. What is Hamming code? How is the Hamming code word tested and corrected? 

24. What do you mean by an alphanumeric code? Name some of them. What are 
alphanumeric codes used for? 


PROBLEMS 

3.1 Express the following decimal numbers in the 8421 BCD code. 

(a) 296 (b) 157.5 (c) 4228.5 

809 (e) 37.52 (f) 2040.08 

3.2 Express the following decimal numbers in 2421, 5211, and 4311 codes. 

( a ) 205 (b) 2630 (c) 697 (d) 4568 

3.3 Express the iollowing 8421 BCD numbers as decimals. 

(a) 10000011 1001 (b) 0101 0111 1000. 1001 

(c) 0110 1001 0111 . 0100 (d) 1000 0110 0000 0011 . 1000 

3.4 Express the following decimal numbers in the XS-3 code. 

(a) 97 (b) 653 ( C ) 812.9 

19 (e) 2515 (f) 2053.76 

3.5 Express the following XS-3 numbers as decimals. 

(a) 1011 1000 1100 (b) QUO 1010 0111 . 1000 

(c) 1001 1100 1000 .0111 (d) 0111 1000 0101 1001 . 1000 

3.6 Add the following in (j) BCD and (ii) XS-3 codes. 

(a) 275 + 496 (b) 108 + 789 

(c) 89.6 + 273.7 (d) 205.7 + 193.65 
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(c) iionono 


(c) looo] noi 


3 7 Subtract the following in (i) BCD and (ii) XS-3 codes. 

(a> 920 - 265 (b) 86 - 24 

(C 467.6 - 258.9 (d) 635.7 - 419.8 

3.8 Convert the following decimal numbers to Gray code. 

t a > 6 (b) 12 (c) 

i d > g 6 (e) 286 

3.4 Convert the following binary numbers to Gray code. 

(a) 1010 (b) 1101010 

< d1 10001 ( C ) l1001100 

3.10 Convert the following Gray codes to binary. 

( a1 Mil (b) 101101 

d) 1001 (e) mom 

3.11 W hich of the following words contain an error for odd parity? 

'■*’ '‘* , '° 101 C» noioioi ( C ) 10110110 

(d) 1010 (e) 110101 

3 l: numbers to (i) 2-oul-of-5. (ii) biquinuy (iij) 

counter, and (iv) ring-counter codes. 3 1 

(ai 29 (b) 153 (C ) 697 

En " dl: a " ,hc BCD words inl ° » ’-bit even-parity Hamming code 
■■ 4 mors ' ,f any ' m ^ f ° ,iowins —word*. 

0010 1 b > ? 101101 (O 0111101 

un (e) 1110111 

' , ’ ,S and ,ransm ' tted . "Olsy 

»ord: 101101101 110011 foooi 1 loiol 11 * S “* fe has occurred >" each code 

3.16 Code the following in ASCII and EBCDIC. 

(a) BIRTH (b) AK47 


Chapter 4 


LOGIC GATES 


4.1 INTRODUCTION 


Logic gates are the fundamental building blocks of digital systems. The name logic 
gate is derived from the ability of such a device to make decisions, in the sense that 
it produces one output level when some combinations of input levels are present, and 
a different output level when other combinations of input levels are present. There are 
just three basic types of gates -AND, OR and NOT. The fact that computers are able 
to perform very complex logic operations, stems from the way these elementary gates 
are interconnected. The interconnection of gates to perform a variety of logical 
operations is called logic design. 

Logic gates are electronic circuits because they are made up of a number ot 
electronic devices and components. They are constructed in a wide variety ot torms. 
They are usually embedded in large-scale integrated circuits (LSI) and very large-scale 
integrated circuits (VLSI) along with a large number of other devices, and are not 
easily accessible or identiliable. Each gate is dedicated to a specific logic operation. 
Logic gates are also constructed in small-scale integrated circuits (SSI), where they 
appear with few others of the same type. In these integrated devices, the inputs and 
outputs of all the gates are accessible, that is, external connections can be made to 
them just like discrete logic gates. 

Inputs and outputs of logic gates can occur only in two levels. 1 hese two levels 
are termed HIGH and LOW, or TRUE and FALSE, or ON and OFF. or simply 1 and 0. 

A table which lists all the possible combinations of input variables and the corresponding 
outputs is called a truth table. It shows how the logic circuit's output responds to various 


combinations of logic levels at the inputs. 

In this book, we use level logic , a logic in which the voltage levels represent logic 1 
and logic 0. Level logic may be positive logic or negative logic. A positive logic system 
is the one in which the higher of the two voltage levels represents the logic I and the 
lower of the two voltage levels represents the logic 0. A negative logic system is the one 
in which the lower of the two voltage levels represents the logic I and the higher of the 
two voltage levels represents the logic 0. In transistor-transistor logic (TTL. the most 
Widely used logic family), the voltage levels are + 5 V and 0 V. In the following discussion 
in this chapter, logic I corresponds to + 5 V and logic 0 to 0 V. 
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4.2 THE AND CATE 


Vn x\ ' gare has two or more inputs but only one output. The output assumes the logic 
1 state, only when each one of its inputs is at logic 1 state. The output assumes the logic 
0 stale even if one of its inputs is at logic 0 state. The AND gate may, therefore, be defined 
s a device w hose output is 1, if and only if all its inputs are 1. Hence the AND gate is 
also called an all or nothing gate. 

The logic symbols and truth tables of two-input and three-input AND gates are shown in 
' 4 la and 4.1b, respectively. Note that the output is I only when all the inputs are I. The 

symbol for the .AND operation is 4 -’, or we use no symbol at all. 


Truth table 


A 

8 



X = AB 


Logic symbol 



X = ABC 


Logic symbol 


Inputs 

Output 

A 


B 

X 

0 


0 

0 

0 


1 

0 

t 


0 

0 

t 


1 

1 

t AND gate 




Truth table 


Inputs 

Output 

A 

B 

c 

X 

0 

0 

0 

0 

0 

0 

1 

0 

0 

1 

0 

0 

0 

1 

1 

0 

1 

0 

0 

0 

t 

0 

1 

0 

1 

1 

0 

0 

1 

1 

1 

1 


(b) Three-input AND gate 
f « 9- 4.1 The AND gate. 

With the input variables to the ANn f * 

B °°' ean «P'«sion for the output eat, be wriueHaT'T by A > B - C-. the 

as X ,s equat to A and B and C ... - or T" 7 A ' B ' C . . ., which is read 
to A do, B dot C . . . 0r X 15 «i~l to ABC . . . * or .. x js , 

Discrete AND gates may be realized hv • 

4.2a and 4.2b, respectively. The inputs A andTto transis,ors «* shown in Figs 

in the diode AND gate, when A = + 5 y a 2. ,?! 8a ‘ es may be eilh or OVor + iV 

are OFF^ So. no current flows through R and therefor/ 5 V ' boUl ,he d 'odcs D1 and D2 

H “«; *• out P“' X - 5 V. When A - 0 V or B / 0 V"° S** dro P •*» across R. 
to 0 V. the correspond,ng diode D1 or D2 is ON or both a 3“* b ° ,h A and B are equal 
circuits (ideal case), and, therefore, the output X * 0 v , 5 are ON and act as short- 

or 0. V which is treated as logic 0, ‘ ln Poetical circuits, X - 06 V 
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(a) Two-input diode AND gate 



(b) Two-input transistor AND gate 


Fig. 4.2 Discrete AND gates. 


in the transistor AND gate, when A = 0 V and B = 0 V or when A = 0 V and B = 
+ 5 V or when A = + 5 V and B = 0 V, both the transistors TI and T2 are OFF. Transistor 
T3 gets enough base drive from the supply through R and so, T3 will be 11 )N. Hence, the 
output voltage X = V cc (sat) = 0 V. When both A and B are equal to + 5 V, both the transistors 
Tl and T2 will be ON and, therefore, the voltage at the collector of transistor TI will drop. 
So, T3 does not get enough base drive and, theretore, remains OI F. Hence no current flows 
through the collector resistor of F3 and, therefore, no voltage drop occurs across it. Hence 
output voltage, X ~ 5 V. The truth table for the above gate circuits is as shown below. 


Truth table 


Inputs 

A 8 

Output 

X 

0 V 

0 V 

0 V 

0 V 

5 V 

0 V 

5 V 

0 V 

0 V 

5 V 

5 V 

5 V 


The 1C 7408 contains four two-input AND gates, the IC 7411 contains three three-input 
AND gates, and the IC 7421 contains two four-input AND gates. 


4.3 THE OR CATE 

Like an AND gate, an OR gate may have two or more inputs but only one output. The 
output assumes the logic I state, even if one of its inputs is in logic 1 state. Its output 
assumes the logic 0 state, only when each one ot its inputs is in logic 0 state. An OR gate 
may, therefore, be defined as a device whose output is I, even it one of its inputs is 1. 
Hence an OR gate is also called an any or all gate. It can also be called an inclusi\c OK 
eate because it includes the condition ‘both the inputs can be present’. 















































































92 Funda mentals of Digital Circuits 

The logic symbols and truth tables of two-input and three-input OR gates are shown 
in Fies. 4.3a and 4.3b, respectively. Note that the output is 1 even it one of the inputs is 1. 

The symbol for the OR operation is *+\ With the input variables to the OR gate 
represented by A, B, C ... the Boolean expression for the output can be ^written as 
X a A + B + C + .... This is read as "X is equal to A or B or C or . . . , or X is 

equal to A plus B plus C plus . . . 

_ Truth table _ 

Inputs Output 


A 8 X 



Logic symbol 


(a) Two-input OR gate 

Truth table 

Inputs Output 

ABC _X_ 

0 0 0 0 

0 0 1 1 

0 10 1 

0 11 1 

10 0 1 

10 1 1 

110 1 

1 1 1 _ 1 _ 

(b) Three-input OR gate 

Fig. 4.3 The OR gate. 



x = a + B + c 


Logic symbol 


Discrete OR gates may be realized by using diodes or transistors as shown in Figs. 4 . 4 a 
an . , respectively. The inputs A and B to the gates may be either 0 V or + 5 V. 




(b) Two-input transistor OR gate 

Fig. 4.4 Discrete OR gates. 


a , Two-input diode OR gate 
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hi the diode OR gate, when A = 0 V and B = 0 V, both the diodes D1 and D2 are OFF. 
No current flows through R, and so, no voltage drop occurs across R. Hence, the output 
voltage X = 0 V. When either A = + 5 V or B = + 5 V or when both A and B are equal 
t 0 + 5 V, the corresponding diode D 1 or D2 is ON or both D1 and D2 are ON and act as 
short-circuits (ideal case) and, therefore, output X « 5 V. In practice, X = + 5 V - diode 
^,-Qp = + 5 V - 0.7 V = 4.3 V, which is regarded as logic I . 

In the transistor OR gate, when A - 0 V and B = 0 V, both the transistors T1 and 
T2 arc OFF. Transistor T3 gets enough base drive from + 5 V through R and, therefore, 

it will be ON. The output voltage, X = V cc(sat) = 0 V. When either A = + 5 V or B = 

+ 5 V or when both A and B are equal to + 5 V, the corresponding transistor T1 or T2 
is ON or both T1 and T2 will be ON and, therefore, the voltage at the collector of T1 
j s = y = 0 V. This cannot forward bias the base-emitter junction of T3 and, therefore, 
it will remain OFF. Hence, the output voltage will be X = 5 V (logic 1 level). 

The truth table for the above OR gate circuits is as shown below. 


Truth table 


Inputs 

A B 

Output 

X 

0 V 

0 V 

0 V 

0 V 

5 V 

5 V 

5 V 

0 V 

5 V 

5 V 

5 V 

5 V 


The IC 7432 contains four two-input OR gates. 

a.a THE NOT CATE 

A NO i gate, also called an inverter , has only one input and, of course, only one output. 

It is a device whose output is always the complement of its input. That is, the output ot 

a NOT gate assumes the logic l state when its input is in logic 0 state and assumes the 

logic 0 state when its input is in logic 1 state. ' he logic symbol and the truth table oi an 

inverter are shown in Figs. 4.5a and 4.5b, respectively. 

+ 5 V 



1 0 


(b) 

Fig. 4. 5 The inverter. 


Logic symbol 
(a) 


Transistor inverter 

(c) 

























































































c >\ ttbol tor NOT operation is * ' (bar). When the input variable to the NOT gate 

is represented by A and the output variable by X. the expression for the output is X = a 
T his is read as “X is equal to A bar”. 

A discrete NOT gate may be realized using a transistor as shown in Fig. 4,5e. The input 
the gate may be 0 V or + 5 V. When A = 0 V, transistor T is reverse biased and, therefore, 
r - , s OFF. \s no current flows through R, no voltage drop occurs across R. Hence 
the output voltage X = + 5 V. When the input A = + 5 V, T is ON and the output voltage 
X - V w a 0 V. The truth table for the NOT gate circuit is as shown below. The IC 7404 
contains six inverters. 


Truth table 


Input 

Output 

A 

X 

0 V 

5 V 

5 V 

0 V 


Logic circuits of any complexity can be realized using only AND, OR and NOT gates. 
Logic circuits which use these three gates only are called AND/OR/fNVERT, i.e. AOI logic 
circuits. Logic circuits which use AND gates and OR gates only arc called AND/OR, i.c. AO 
logic circuits. 

4.5 THE UNIVERSAL CATES 

Though logic circuits of any complexity can be realized by using only the three basic gates 
AND. OR ai d NOT), there are two universal gates (NAND and NOR), each of which can 
a > real i 7 c logic circuits single-handedly. The NAND and NOR gates are also, therefore, 
cu ... crsal building blocks. Both NAND and NOR gates can perform all the three basic 
_ rations ( AND. OR and NOT). Therefore, AOI logic can be converted to NAND 
logic or NOR logic. 

The NAND Cate 

NAND mcan NOT AND. i.c. the AND output is NOTed. So, a NAND gate is a combination 
:«f ar - F gate and a NOT gate (Fig. 4.6a). The expression for the output of the NANI) 

gate can. therefore, be written as X = ABC . . . and is read as “X is equal to A B • C 

Truth table 
Inputs Output 

A B X 

0 0 1 

0 1 1 

t 0 1 

1 1 0 




A two-input NAND gate 
(Logic symbol) 


(3) 

Fig. 4.6 A two-input NAND gate. 


(b) 
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whole bar.” The output is logic 0 level, only when each of the inputs assumes a logic 
. i For any other combination of inputs, the output is a logic 1 level. The truth table 
f a two-input NAND gate is shown in Fig. 4.6b. 

° The logic symbol and truth table for a three-input NAND gate are shown in Figs. 4.7a 

and 4.7b, respectively. 


) X = ABC 

Logic symbol 

(a) 



Truth table 


A 

Inputs 

B 

C 

Output 

X 

0 

0 

0 

1 

0 

0 

1 

1 

0 

1 

0 

1 

0 

1 

1 

1 

1 

0 

0 

1 

1 

0 

1 

1 

t 

1 

0 

1 

1 

1 

1 

0 


(b) 


Fig. 4.7 A three-input NAND gate. 


Looking at the truth table of a two-input NAND gate, we see that the output X is 1 
when either A = 0 or B = 0 or when both A and B are equal to 0. i.c. tf etther A - 1 or 

5 . . _ hnth T and B are equal to 1. Therefore, the NAND gate can perform the OR 
B - 1 or both a ana a aru uq c v = A + B So a NAND function can 

function. The corresponding output expression i , • inverted inputs. Thus, a 

also be realized by first inverting the inputs an U1 QR galc / sec fig. 4.8a). Hence, 

NAND gate is a combination of two N ga c> an • ut ^AND gate as 

from Figs. 4.6a and 4.8a, we can express the output of a two input ... 

X = AB = A + B 


Truth table 




X = A + B 



Fig. 4.8 Bubbled OR ga te - 

... j OR cute So, a NAND 

The OR gate with inverted inputs (Fig- 4 * 8a > **^ * s h own j n Fig. 4.8b. A bubbled 
gate is equivalent to a bubbled OR gate whose tru . . assumes the HIGH state e\ui 
OR gate is also called a negative OR gate. Since - ac tivc-LOW OR gate. 

























































°° Fu *dj centals of Digital Circuits 


A discrete two-input NAND gate is shown in Fig. 4.9a. When A = + 5 V and B 

V V ' ^ 11 l ^ e ^*°^ cs an d D2 are OFF. The transistor T gets enough base drive from 
the^supply through R and, therefore, T is ON and the output X = V cc(sat) * 0 V. When 

A — 0 \ or B - 0 \ or when both A and B are equal to 0 V, the transistor i is OFF and 
therefore, output * + 5 V. The truth table is as shown in Fig. 4.9b. 


+ 5 V 



Truthtable 


Inputs 

Output 

A B 

X 

0 V o V 

5 V 

0 V 5 V 

5 V 

5 V 0 V 

5 V 

5 V 5 V 

0 V 



(c) NAND gate as an inverter 



(b) (d) NAND gate as a controlled inverter 


Fig. 4.9 Discrete two-input NAND gate. 


The iC 7 400 contains four two-input NAND gates; the IC 74 iO contains three three- 

m P ut NAND gates; the IC 7420 contains two four-input NAND gates; and the IC 7430 
contains one eight-input NAND gate. 

A NAND gate can also be used as an inverter by tying all its input terminals together and 
applying the signal to be inverted to the common terminal (Fig. 4.9c), or by connecting all its 

mput termmals e>;ce P l one, to logic i and applying the signal to be inverted to the remaining 
terminal as shown in Fig. 4.9d. In the latter form, it is said to act as a controlled inverter. 

The nor gate 


NOR means NOT OR, i.e. the OR output is NOTed. So, a NOR gate is a combination of 
an O R gate and a NO T gate (Fig. 4.10a). The expression for the output of the NOR gate is, 

X = A + B + C+ ., . and is read as “X is equal to A plus B plus C plus . . . whole bar.” 
The output is logic 1 level, only when each one of its inputs assumes a logic 0 level. For 

any other combination of inputs, the output is a logic 0 level The truth table of a two-input 
NOR gate is shown in Fig. 4.10b. 



An OR gate followed by a NOT gate 



A two-mput NOR gate (logic symbol) 
(a) 


Fig. 4.10 A two-input NOR gate. 



Truth 

table 

Inputs 

Output 

A 

B 

X 

0 

0 

i 

0 

1 

0 

1 

0 

0 

i 

1 

0 


(b) 


Logic Gates 97 


The logic symbol and truth tabic for a three-input NOR gates are shown in Figs. 4,Ua 

and 4.1 lb, respectively. 


Truth table 



X = A + B+ C 


Logic symbol 

(a) 



Inputs 

Output 

X 

A 

B 

c 

0 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

0 

1 

1 

0 

1 

0 

0 

0 

1 

0 

1 

0 

1 

t 

0 

0 

1 

1 

1 

0 


(b) 


Fig. 4.11 A three-input NOR gate. 

Looking at the truth table of a two-input NOR gate, we see that the output X is 1 only 

when both A and B are equal to 0, i.e. only when both A and B are equal to 1. That means, 
a NOR gate is equivalent to an AND gate with inverted inputs and the corresponding output 

expression is X = A B So a NOR function can also be realized by first inverting the inputs 
and then ANDing those inverted inputs. Thus, a NOR gate is a combination of two NOT 
gates and an AND gate (see Fig. 4.12a). Hence, f rom Fi gs. 4.10a and 4.12a, we tan set 

that the output of a two-input NOR gate is, X = A + B = A B. 

Truth table 




X = A B 


Inputs 

Inverted 

inputs 

Output 

A 

B 

A 

B_ 

X 

0 

0 

1 

1 

1 

0 

1 

1 

0 

0 

1 

0 

0 

1 

0 

1 

1 

0 

0 

0 


;4 


) 


{b> 


Fig. 4.12 Bubbled AND gate. 

/I7 . , k ra |i e d a bubbled AND gate. So, a 

The AND gate with inverted inputs (Fig. 4.12a) is cane in Fig . 4.12b. 

)R gate is equivalent to a bubbled AND gate whose tru^ ^ output assumes the HIGH 

bubbled AND gate is also called a negative A S • 1 , ca || e d an active-LOW 

ate only when all its inputs arc in LOW states, a i £ 

ND gate. ■ „• , a n„ When A - 0 V and B = 0 V, both 

A discrete two-input NOR gate is shown m rig. ■ ■ and therefore, no voltage 

insistors T1 and T2 aro OFF: so. no current flows throug ’ . when either 
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trails:sior Tl or T2 or both T1 and T2 arc ON. Therefore. X is at V , with re^., 

ground and equal to 0 V (logic 0). The truth table shown in Fig 4.13 b. P c to 

KIO J he !C 74 °? contains four two-input NOR gates; the IC 7427 contains three three-inn,,, 
( R gates, and the IC 7425 contains two four-input NOR gates. 


f+5 V 


A-WWV 



R 


Tl 




T2 



(a) Discrete NOR gate 


Truth table 


Inputs 

Output 

> 

CD 

X 

0 V o V 

5 V 

0 V 5 V 

0 V 

5 V 0 V 

0 V 

5 V 5 V 

ov 


(b) 


X 




(c) NOR gate as an inverter 


£=[>-* 

(d) NOR gate as a controlled inverter 


Fig. 4.13 Discrete two-input NOR gate. 


A . OR gate can also be used as an inverter, by tying all its input terminals together and 

app ymg .he signal to be inverted to the common terminal (Fig. 4.13c) or by connecting all 

i s input terminals except one to logic 0, and applying the signal to be inverted to the 

remaining terminal as shown in Fig. 4.13d. In the latter form it is said to act as a controlled 
inverter 


4.6 THE EXCLUSIVE-OR (X-OR) CATE 


An X OR gate is a two input, one output logic circuit, whose output assumes a logic 1 state 

when one and only one of its two inputs assumes a logic 1 state. Under the conditions when 

both the inputs assume the logtc 0 state, or when both the inputs assume the logic 1 state, the 
output assumes a logic 0 state. 6 


Since an X-OR gate produces an output I only when the inputs are not equal, it is called 

an anu-comcidence gate or mequaHty detector. The output of an X-OR gate is the modulo 

sum of its two inputs. The name Exclusive-OR is derived from the fact that its output is a 

I. only when exclustvely one of ,ts mputs is a I (it excludes the condition when both the 
inputs are 1). 

* , , ** and truth table of a two-input X-OR gate arc shown in Figs. 4.14a and 

4.14b. respectively. If the input variables are represented by A and B and the output variable 
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, v the expression tor me uuipu 
l y j ' as -X' is equal to A cx-or B" 


read as 



Logic symbol 

(a) 


Truth table 


Inputs 

Output 

A 

B 

X = A© B 

0 

0 

0 

0 

1 

1 

t 

0 

1 

1 

1 

0 


(b) 



(c) X-OR gate as an inverter 


Fig. 4.14 Exclusive-OR gate. 


Three or more variable X-OR gates do not exist. When more than two variables are to 
be X-ORed, a number of two-input X-OR gates will be used. The X-OR of a number of 
variables assumes a 1 state only when an odd number of input variables assume a 1 state. 

An X-OR gate can be used as an inverter by connecting one of the two input terminals 
to \om 1 and feeding the input sequence to be inverted to the other terminal as shown in 
Fig 4.14c. If the input bit is a 0, the output is, 0 © 1 = 1, and if the input bit is a 1, the 
output is, 1 © 1 = 0. In fact, we can say that an X-OR gate can be used as a controlled 
inverter that is, one of its inputs can be used to decide whether the signal at the other input 


will be inverted or not. 

The TTL IC 7486 contains four X-( )R gates 


. The CMOS IC 74C86 contains four X-OR 


gates. High speed CMOS IC 74HC86 contains four X-OR gates. 


a.7 THE EXCLUSIVE-NOR (X-NORJ CATE 

An X-NOR gate is a combination of an X-OR gate and a NOT gat^ The when^oth the 
a two input, one output logic circuit, whose output assumes _ ^ output assumes a 

inputs assume a 0 state or when both the inputs assume ^ ' It is a j so ca lled 

0 state, when one of the inputs assumes a 0 state and the othe a ^ 1 S be used 
a coincidence gate, because its output is 1 only when tts inputs oinc de.^ It can 

as an equality detector because it outputs a 1 only w^en its^ in Figs 4 .i5 a 

The logic symbol and truth table of a two-inpu - g and the ou tput 

and 4.15b, respectively, if the input variables are represented by A and 

variable by X, the expression for the output of this gate is w 


X = A © B = AB + AB = A©B - A B + 


AB 


read as “X is equal to A ex-nor B” a numb er of variables are to be 

fhrec or more variable X-NOR gates do not ex - • x-NOR of a number ot 

DReri a mirnhor nf twn-innut X-NOR e US _ inmit variables 
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\ ' \-NOR cate ca 


gate can be used as an inverter by connecting one of the two input termma? 

?! ° g,C 0 and fecdin S the ^Put sequence to be inverted to the other terminal as shown 3 
big. 4.15c. If the input bit is a 0, the output is, 0 © 0 = 1, and if the input bit is a 1 *u 

output 1 © 0 = 0. In tact, we can say that an X-NOR gate can be used as a controlled 
inverter, that is, one of its inputs can be used to decide whether the signal at the other in« . 


..... , - signal at the other 

Ml1 bc averted or not. I he X-NOR gate can be used as a comparator too. 


mput 



X = as B 


Logic symbol 

(a) 


Truth table 


Inputs 

Output 

A 

B 

X = A 0 B 

0 

0 

1 

0 

1 

0 

1 

0 

0 

1 

1 

1 


<b) 



X = Input 


(c) X-NOR gate as an inverter 


Fig. 4.15 Exclusive-NOR gate. 


The X-NOR of two variables 
variables. That is. 


A and B is the complement of the X-OR of those two 


A © B = A © B 


But the X-NOR of three variables A. B and C 
of A, B, and C. That is. 


is not equal to the complement of the X-OR 


H^t5<iJL*A©B©C 


h * T*" f Variables is equal t0 the complement of the X-OR of 

“ se vanables on] y when number of variables involved is even. 

con Jin' four" Meh’x -NOR ga'tes. M ° S ^ 74066 ‘ he high SPCed CM0S ,C 74HC266 


4.8 INHIBIT CIRCUITS 


, 4ND i 3 N A ND L and N0R ga,CS can be used ,0 C0 "> TO| »>e passage of an input logic 
s.gnal through to the output. This is shown in Fig. 4.16 where a logic signafA is applfed 

the control input B. The 8 , ^.' npU ' of each « aK is 

sienal is enahled tn reaeh » . 0 in P ut W1 ll determine whether the input 

signal is enabled to reach the output or inhibited from reaching the output 

We notice that when AND and OR eates am er^ki i h ' tf5ut ' 

inverse Xfig* NAND - WR «"* " a " ab "*> * -put * -c„y L 
We also see that when AND and NOR gates are inhibited, they produce a constant LOW 
SfiS? and ° R 83,55 Pr ° dUCe “ ™ HIGH output in the 
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enable 

INHIBIT 

run- A — 

B = 1 *-1 

-\ X = A 

3^ n_n_ 

uru A _ 

B = 0-1 

X = 0 

ji —n— a — 

B = 1- 

3^ A inr 

JLJU A-T 

B = 0--1 

—\ X = 1 

rl - n - B JL - rL - 

B A 33- 

ruru A _ 

B = 0 - 

__ X = A 

3°— inr 

ji_n— a 

B = 1_ 

m 


Fig. 4.16 Enable and inhibit circuits. 


There will be many situations in digital circuit design, where the passage of a logic 
signal is either enabled or inhibited depending on the conditions present at one or more 

control inputs. 

EXAMPLE 4.1 Show that A ® B = AB + AB and construct the corresponding logic 
diagrams. 

Solution _ . 

The truth tables constructed below show that A © B = AB + AB. The corresponding otic 

diagrams are also shown. 


A 

B 

A © B 

0 

0 

0 

0 

1 

1 

1 

0 

1 

1 

1 

0 



A B A B 
0 0 1 1 
0 1 1 o 
1 0 0 1 
1 t 0 0 


A B 

AB 

A B + AB 

0 

0 

0 

1 

0 

1 

0 

1 

1 

0 

0 

0 



„ td - V'ffi'B = AB + AB. Also, construct 

EXAMPLE 4.2 Show that A © B = ABr+ A B - A © 

the corresponding logic diagrams. 
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Solution 

The truth tables constructed below show that A © B = AB + A B = A © B = A§Tar 
T he corresponding logic diagrams are also shown. 


A 

B 

A08 

0 

0 

t 

0 

1 

0 

1 

0 

0 

1 

1 

1 



A 

B 

A 

B 

A B 

AB 

A B + AB 

A B + AB 

0 

0 

1 

t 

0 

1 

1 

1 

0 

1 

1 

0 

0 

0 

0 

0 

1 

0 

0 

1 

0 

0 

0 

0 

1 

1 

0 

0 

1 

0 

t 

1 



EXAMPLE 43 Show that (A + B) AB is equivalent to A © B 
Solution 


i r.e truth tables constructed below show that (A + B) AB 
are also shown. 


A © B. The logic diagrams 


A 

B 

A + B 


0 

0 

0 


0 

1 

t 


1 

0 

1 


1 

1 

0 




A 

B 

A + B 

A B 

AB 

(A + B)(AB) 

0 

0 

0 

0 

1 

0 

0 

1 

1 

0 

1 

1 

1 

0 

1 

0 

t 

1 

1 

1 

1 

1 

0 

0 



EXAMPLE 4.4 


a a an t R R ha th L ex P ress *on that equals 1 only when the two binary numbers 
to CrtfyIhMogk Same V Draw ,hC l0giC diagram and the .ruth .able 


The numbers A 
and their LSBs 
coincidence 
: logic diagr 



• * B o)_ Therefore, the desired logic expression is (A, © b!) (A tl © B 
an rut ta e are shown below. Four variables can combine in 16 wa; 
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EXAMPLE 4.5 Show that AB + {A + B) is equivalent to A © B. 

Solution _ 

The truth tables constructed below show that AB + (A *■ B) A © B 


A 

B 

A0B 

0 

0 

1 

0 

1 

0 

t 

0 

0 

1 

1 

1 


A 

B 

A + B 

AB 

A + B 

AS + A + B 

0 

0 

0 

0 

1 

t 

0 

1 

1 

0 

0 

0 

1 

0 

1 

0 

0 

0 

1 

1 

1 

1 

0 

1 



AMPLE 4.6 Find the logical equivalent of the following expressions, 

6 . m , (c) A © 0 


i ^ v a ns (i 


Solution 

(a) A© 0 = A , 0 + A.Q = A.l + A.0= A+_ _ 

(b) A© 1 = A . T + A.1=A.0*A.1=0 + A 

(c) A© 0 = A . 0 + A . 0 = A . I + A. 0 =A+O- 

(d) A © 1 = A . I + A.l = A.0 + A.l = 0 + A 
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(e) 1 ©A-1.A + l.A = 1 . A + 0. A = A + 0 = A 
(0 0 © A -0.A + 6. A =0.A + l.A = 0 + A = A 

w^Ta © B WhiCh ° f ,he f0ll °' Vin8 CXPreSS,0nS are bivalent to A © g ^ 

(a) A ® B (b) A ® B (c) A ® B 

(d) A © B |W\ A m R ^ __ 

(e) A © B (f) A © B 

Solution 


(a) 

A 

© 

B = 

A B 

Hh 

AB 

= A l 

} + 

AB 

= A 

© 

B 

(b) 

A 

© 

B = 

A B 

+ 

AB 

li 

> 

col 

+ 

AB 

= A 

© 

B 

(c) 

A 

© 

B = 

A B 

+ 

A B 

= AB 

+ 

AB 

= A 

© 

B 

(d) 

A 

© 

B = 

A B 

+ 

AB 

= AB 

+ 

AB 

= A 

© 

B 

(e) 

A 

© 

B = 

AB 


AB 

= AB 

+ 

AB 

= A 

© 

B 

(0 

A 

© 

B = 

AB 

+ 

A B 

= AB 

+ 

AB 

= A 

© 

B 


4.9 7400-SERIES INTECRATED CIRCUITS 

r? d, , scussed 80 and w log. 

".^aHd demerits. Logic families are discussed kdM mChlpfcr IT"" ** ^ 

popular series "^“"ttrilv of P ° PU ' ar ° f « Smilfe. This 
through connections to external pins (IC Lminalsl V J?° Se '. nputs and oul P uts arc accessible 
numbers, each of which refers to a JL , ' Thc chips arc des 'gnated by 7400-series 

by a chip. For example IC-7400 contain^° r C ° mbination of lo g*c gates implemented 
three three-input NAND gates tW0 ' input NA *D gates, IC-7410 contains 

and ™re?pecUvely U T^e'o ‘ 'T ' eVe ' S in 7400 series lo 8 ic are 0 v 

connection. In fact, if the input to a TTL oateYs'Tfi *' does not mean °P cn circuit or no 
I were connected to the input. All 7400 series etl 0PCn ' ' hC gaIe bchaves as if a lo S ic 
designated V co and ground connection * Figure 1 4*l^h’^ + 5 V ° ltS DC power conncc{ion 
used 7400 series chips and their pin connections Th - ^ *° m ° ° f the most commonly 

standard sequence. The groove or dot nn th u C f Jns or '^Wals arc numbered in a 

numbers begin from the upp left-hand! / ' demifiCS thc ,op of a chi P »<« *• 

up in rhe upper g^V^?**?** a "“ 

or power supply connection. ICs are available in Hifr ^ '? PUt ’ ° r ° utput of a S atc ’ 

assignments vary with thc style selected. ^ ‘' ° r<;nl P acka 8c styles, and thc pin 

4.10 ANSI/IEEE STANDARD LOGIC SYMBOLS 

The symbols used to represent logic gates in this chapter have been in use for many years 

and will, no doubt, continue to be used. However t , . . u or many y d 

wu. nowev er, a new standard issued jointly by the 
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Fig. 4.17 TTL Integrated-circuit logic gates. 






















































































































































































































































1 06 Fundamentals of Digital Circuits 


V o cm National Standards Institute (ANSI) and The Institute for Eicon, i 
Electron,es Engineers (IEEE) is now being used by many industries and manufaen and 
electronic devices I, is called the ANSI/IEEE standard. Instead of using disTinctive ‘ u ° f 
or v anous types of gates, the new standard depicts all gates in rectangular omli ^' 8 
ha rasters called qualifying symbols are placed inside the rectangular outlines to indieaw"*?' 
" v " f l 0 S' c operations perforated. Figure 4.18 shows the traditional and ANSI IFEE 


i3) AND Gate 


(b) OR Gate 


Traditional symbol 



ANSI/IEEE symbol 


A 

B 


& 


AB 



A + B 


(c) NOT Gate 


(d) NAND Gate 




A 

B 


& 


AB 


(e) NOR Gate 


(f) X-OR Gate 




A 

B 


A 

B 


B 


A 

B 



Fig. 4.18 ANSI/IEEE standard symbols. 

symbols for carious logic gates. Gates with more than two inputs are simply drawn with 
additiona! input lines, as in the trad.tional notation. The direction of signal flow is assumed 

to be from left to right, l.e. inputs on the left and outputs on the right. So, no arrowheads 
are required. 
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opc- - 

and NOR g alcs 

IOC 


ration. The symbol - - 7 *<=F«^enis mversion, The NAND 

arc represented by combmattons of AND, OR, and INVERT symbols Tl 

-y OR has ,he Symb0 ' , dr T lnSldC '* ,ncc thc is a 1 , if a „d only if exa tlv 
£ input is a 1. Since the cotnctdenee or X-NOR function is the complement of te 

V or it con be depicted as a = 1 gate with inverted output. It is also represented bv the 

symbol ,= ’ meaning thereby that thc output is a 1 , il both inputs are equal (i.e. both 0 or 

''' The ANSI/IEEE logic symbols for integrated circuits containing multiple gates are drawn 
tw stacking rectangles on top of each other, one rectangle for each gate, ; igure 4.19 shows the 
ANSI/IEEE symbols for each of the 7400-series integrated circuit chips whose pin diagrams are 

shown in Fig- 4.17. 



7404 hex inverter 


IS« 

2A (4 » 

& j 


5 


3A 2 


3D <f°) 


4A—-—l 

at™ 



(3) 


( 6 ) 


tY 


2Y 


( 8 ) 


( 11 ) 


3Y 


4Y 


7408 quad two-input 
AND gate 



>1 




02 ) 


1Y 




( 6 ) 


2Y 


( 8 ) 


3Y 


7427 triple three-input 
NOR gate 



7400 quad two-input 
NAND gate 


(1)r 



7486 quad 
X-OR gate 


1A 

18- 


(D 


( 2 ) 


2A- 

2B- 

3A- 

3B- 

4A- 

4B- 


(4) 


(5) 


(9) 


( 10 ) 


(12) 


(13) 


=1 


^(3) 


v(6) 


( 8 ) 


(ID 


1Y 


2Y 


3Y 


4Y 


74810 quad 
X-NOR gate 


Fig. 4.19 ANSI/IEEE symbols for 7400 senes ICs. 


EXAMPLE 4.8 Draw a logic diagram using 
:ior» 


ANSI/IEEE standard symbols to implement thc 


X = (A + B) (CD) (E + F)G 


Now, 


Solution 

Tt - * A ,Q/* , nj-' + FandG. 

' fte fi IVC ” expression is ANDing of four functions: A - N0Ring of E and 

p. t B is 0Ri "8 ^ A and B; CD is NANDing of C and D; jn fjg 4 . 20 . 

’ G IS inversion of G. The logic diagram using ANSI/IEEE s. 








































































































































































































108 Fundamentals of Digital Circuits 


EXAMPLE 4.0 
function 



Fig. 4.20 Logic diagram (Example 4.8). 

Draw a logic diagram using ANSI/IEEE standard symbols to implement the 


X = (A ® B) (C ® D) + (A © B) (C ffl D) 

Solution 


A ®B is the output of an X-OR gate. C © D is the output of an X-NOR gate. (A ffi m 

( • D) IS the output of an AND gate whose inputs are (A ® B) and (C © D) A © B 

;s the output of an X-NOR gate and C ® D is the output of an X OR gate ^A ® B) 

(A ® B) (C © dT“'(a © BWcTorT^ ^ ( r A ® B) a " d (C ® D) 

(A © B) (C © D) and (A © Bt (C ® n^n.* ,° u ' pu ‘ of an 0R ® ate whose inputs are 
’ ( U) ana (A ° B) < C 0 D >- The logic diagram is shown in Fig. 4.21. 


A 

B 

C 

D 

A 

B 

C 

D 



Fig. 4.21 Logic diagram (Example 4.9). 
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4.T1 

majority of applications, the inputs to a gate are not stationary levels hut 
hat change frequently between two logic levels and can be classified as pulse waJeta? 
% will now look at the operation of all logic gates discussed till now wTh n7a 
waveforms All the logic gates obey the truth table operation, regardless of wh theMhe 
inputs are constant levels or pulsed levels. The „ min g diagrams of various gates for dKrm 
inputs are shown in the following examples. 6 601 


EXAMPLE 4.10 For a two-input AND gate, determine its output waveform in relation to 
input waveforms of Fig. 4.22a. 



Fig. 4.22 Example 4.10. 


Solution 

In the interval A is HIGH and B is HIGH, so X is HIGH. 
In the interval r 2 , A is LOW and B is HIGH, so X is LOW. 
In the interval A is LOW and B is LOW, so X is LOW. 
In the interval / 4 , A is HIGH and B is LOW, so X is LOW. 
The output waveform X is shown in Fig. 4.22b. 



EXAMPLE 4.11 If the three waveforms A, B, and C shown in Fig. 4.23a are applied to a 
three-input AND gate, determine the resulting output waveform. 

Solution 


The output waveform X is shown in Fig. 4.23b. 



Fig. 4.23 Example 4.11. 

^XAMpLE 4.12 Obtain the output waveform ot a two-input OR -ate 
A B shown in Fig. 4.24a. 


relation to its inputs 






















































































































































































110 Fu nda mentals of Digital Circuits 

Solution 


In the interval A is HIGH and B is LOW, so X is HIGH 

In the interval t 2 , A is LOW and B is HIGH, so X is HIGH. 

In the interval t y A is HIGH and B is HIGH, so X is HIGH 

In the interval / 4 . A is HIGH and B is LOW, so X is HIGH. 

In the interval t s , A is LOW and B is LOW, so X is LOW. 
The output waveform is shown in Fig. 4.24b. 


High 
^ Low 

(a) 

o High 
Low 

(b) X H '9 h 

Low 


< t, >< t ; ->k t 3 >< t 4 

* A ^ 




Fig. 4.24 Example 4.12, 


EXAMPLE 4.13 For a two-input OR gate, determine its output waveform 
inputs A and B shown in Fig, 4.25a. 


m relation to the 


Solution 


The output waveform is shown in Fig. 4.25b. 


(a) 

(b) 


High 

Low 



X ^*9^ 
Low 



Fig. 4.25 Example 4.13. 



EXAMPLE 4.14 For a three-input OR gate, determine its 
relation to the inputs A, B and C shown in Fig. 4.26a. 

Solution 


output waveform in proper 


The output waveform is shown in Fig. 4.26b. 



Fig. 4.26 Example 4.14. 
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example 415 

resulting output 


If the waveform shown in Fig. 4.27a is applied t„ an 

waveform ? 


inverter, what is the 


Solution 

nlltDUt of an inverter is the complement of its input. 
I “Ihc interval <„ A is HIGH, so X is LOW. 

" , interval l 2 , A is LOW, so X is HIGH, 

he interval f„ A is HIGH, so X is LOW. 

rhe interval r 4 . A is LOW, so X is HIGH. 

The output waveform is shown in Fig. 4.27b. 


A 

(a) 

(b) X 


High 

Low 

High 

Low 


< -V 


Fig. 4.27 Example 4.15. 



EXAMPLE 4.16 If the waveform shown in Fig. 4.28a is applied to an inverter, determine 
the resulting output waveform. 

Solution 

The output waveform is shown in Fig. 4.28b. 


High 

(a) Low 

(b) X H '9 h 

Low 

EXAMPLE 4.17 The waveforms A and B shown in Fig. 4,29a are applied to a two input 
NAND gate. Determine the output waveform. 

Solution 

The output of a NAND gate is LOW only when all its inputs are HIGH. The output waveform 
ls shown in Fig. 4.29b. 












A 1 

No x 











r\ 

■ 











i/° 













Fig. 4.28 Example 4.16 



Fig. 4.29 Example 4.17. 




















































































































































































































































































112 Fundamentals of Digital Circuits 


EXAMPLE 4.18 The waveforms A, B and C shown in Fig. 4.30a are applied to m 
input NAND gate. Determine the output waveform. ,flrcc ' 

Solution 


The output waveform is shown in Fig. 4.30b. 


<a) 


B 


<b) x 


High 

Low 

High 

Low 

High 

Low 

High 

Low 


-rm_rm_nLr 

* * • • < i * ( > 




Fig. 4.30 Example 4.18 


EXAMPLE 4.19 The waveforms A and B shown in Fig. 4.31a are applied to a two-input 
NAND gate. Determine the output waveform. 

Solution 

The output waveform is shown in Fig. 4.31b. In this case, the two inputs of the NAND 
gate are never HIGH simultaneously. So, the output is never LOW. It is always HIGH. 


(a) 


B 


High 

Low 

High 

Low 


(b) X Hi 9 h 
Low 








* p 

■ * 

: — 

# 

• 

# 




► « 

► i 

* 


• it 

* * * 

* * * 

* * < 

* f * 

* * * 



— H 

1 


* * 

9 » 

* 9 

■ 9 

1 

h 


1 




B 



Fig. 4.31 Example 4.19. 

EXAMPLE 4.20 For the two-input NAND gate operating as a negative OR gate, determine 
the output waveform when the input waveforms A and B are as shown in Fig. 4.32a. 

Solution 

The output of an active-LOW OR gate is HIGH, if either A is LOW or B is LOW or both 
A and B are LOW. The output waveform is shown in Fig. 4.32b. 


High 
A Low 

(a) High 
B Low 

(b) X Hiflh 

Low 




Fig. 4.32 Example 4.20. 
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. c j 11 For the three-input NAND gate operating as a negative or unt a 
SSSS*. W-n «» A. 8 and C 

Solution 

The output of an active-low OR gate is HIGH even if one of its inputs is LOW. The output 
waveform is shown in Fig. 4.33b. n this case, at no time, all the 3 inputs are HIGH 
Simultaneously. So, the output is never LOW, it is always HIGH. 


High 

A 1 rtiu 





1 

1 


i 

* 

High j 

a > 


r 





- 

1-n 


(a) B Low -- 

c High 

Low 



1 












1 

k 

• 

f 







(b) X H, 9 h _ 
Low 




« 

* 

* 

k 









Fig. 4.33 Example 4.21. 


A 

B 

C 



EXAMPLE 4.22 If the waveforms A and B shown in Fig. 4.34a are applied to a two-input 
NOR gate, determine the resulting output waveform. 

Solution 

The output of a NOR gate is HIGH only when all its inputs are LOW. The output waveform 
is shown in Fig. 4.34b. 



Fig. 4.34 Example 4.22. 

. 4.23 If the waveforms A, B and C shown in Fig. 4.35a are 

input NOR gate, determine the resulting output waveform. 


applied to a three- 


Solution 

The output waveform is shown in Fig. 4.35b. 

^AMPLE 4.24 The waveforms A and B shown in 
Sate. What is the output waveform? 

Solution 


Fig. 4.36a are applied to an 


active-LOW 


‘e NOR gate js an aCtive . L0 W AND gate. The output ot an attove LO v \ * S 
■GH. nni v J4 _ ... ... Th^* outout wavcfonn is shown s 
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A 

M Low 

(a) 

High 
® Low 

High 
^ Low 

(b) X H,gh 

Low 



Fig. 4.35 Example 4.23. 


A 

(a) 

B 


Hfgh 

Low 

High 

Low 


(b) X High 
Low 



Fig. 4,36 Example 4.24. 




EXAMPLE 4,25 If the waveforms A and B shown in Fig. 4.37a are applied to a two-input 
X-OR gate, determine the output waveform. 

Solution 

The output of an X-OR gate is HIGH, only when the inputs are not equal. The output 
waveform is shown in Fig. 4.37b. 



(b) x H ' 9h 

Low 


Fig. 4.37 Example 4.25. 

EXAMPLE 4.26 If the three waveforms A, B and C, shown in Fig. 4.38a, are to be 
X-ORed, determine the output waveform. 

Solution 

Th- X-OR output of a number of variables is HIGH, only when an odd number o mpu 
v enables are HIGH. The output waveform is shown in Fig. 4.38b. 

, Y . • ,ple 4 27 If the waveforms A and B shown in Fig. 4.39a arc applied to a two-inpm 
X NOR gate.'determine the output waveform. 


High 

Low 
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High 

(a) B low 

High 
^ Low 

(b) X High 

Low 



Fig. 4.38 Example 4.26, 



Solution 


The output o:t an X-NOR gate is HIGH, only when the inputs are equal. The output 
waveform is shown in Fig. 4.39b. 


High 
A Low 

(a) 

High 
® Low 

(b) X High 

Low 

Fig. 4.39 Example 4.27. 

EXAMPLE 4.28 If the waveforms A, B, and C shown in Fig. 4,40a are X-NORed, 
determine the output waveform. 

Solution 

The X-NOR output of a number of variables is HIGH, only when an even number of input 
variables (including 0) are LOW. The output waveform is shown in Fig. 4.40b. 



A 

(a) B 

c 

(b) X 




X 


Fig. 4.40 Example 4,28. 

EXAMPLE 4.29 Determine the output waveform for the circuit shown in Fig. 4.41c, when 
the inputs A and B shown in Fig. 4.41a are applied to it. 
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Solution 

Ihe output waveform V in proper time relationship to inputs A and B is shown 
Fig. 4.41b. When both the inputs are HIGH, or both the inputs are LOW, the output is LOW 
The output is HIGH only when one of the inputs is HIGH. So, it is an X-OR operation It 
is an anti-coincidence circuit. 


A 


A + B 


A + B 


(b) Y 


Fig. 4.41 Example 4.29. 


SUMMARY 

• Logic gates are the fundamental building blocks of digital systems. 

• AND. OR and NOT gates are the basic types of gates. The interconnection of gates 
to perform a variety of logical operations is called logic design. 

• A truth table lists all possible combinations of inputs and the corresponding outputs. 

• In a positive logic system, the higher of the two voltage levels represents logic I and 
the lower of the two voltage levels represents logic 0. 

• In a negative logic system, the higher of the two voltage levels represents logic 0 and 
the lower of the two voltage levels represents logic 1. 

• An AND gate is an all or nothing gate; it produces a 1, only in one case when all its 
inputs are a 1. In all other cases, its output is a 0. 

• An OR gate is any or all gate; it produces a 1, even if one of its inputs is a 1. It produces 
a 0, only when all its inputs are a 0. 

• A NOT gate complements its input. It produces a 1 when the input is a 0 and produces 
a 0 when the input is a 1. 

• A NAND gate is effectively an AND gate followed by an inverter. The output of a NAND 
gate is a 0, only when each one of its inputs is a 1. It produces a 1 when any of the inputs 
is a 0. It therefore also acts as a negative OR gate. 

• A NAND gate can be used as an inverter by tying alt its input terminals together and 
feeding the signal to be inverted to the common terminal, or by tying all but one input 
terminal to logic 1 and feeding the signal to be inverted to the remaining terminal. 
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• A NOR gate is effectively an OR gate followed by an inverter. It produces a 1 when 
all of its inputs are a 0. It produces a 0 when any of its inputs is a 1. It therefore 
also acts as a negative AND gate. 

• A NOR gate can be used as an inverter by tying all its input terminals together and 
feeding the signa! to be inverted to the common terminal, or by tying all but one input 
terminal to logic 0 and feeding the signal to be inverted to the remaining terminal. 

• NAND and NOR gates are called universal gates. Any circuit of any complexity can 
be realized by using only NAND gates or only NOR gates. 

• AND, OR, NAND, and NOR gates can have any number of inputs. 

• An X-OR gate is an anti-coincidence gate. It is an inequality detector. It produces a 
1 , only when its two inputs are not equal, i.e. when one is a 0 and the other is a 1 . 

• An X-OR gate can be used as an inverter by connecting one input terminal to logic 
1 and feeding the signal to be inverted to the other terminal. It is a controlled inverter. 

• An X-NOR gate is a coincidence gate. It is an equality detector. It produces a 1 , only 
when its two inputs are equal, i.e. when both inputs are a 0 or a 1 . 

• Three or more input X-OR or X-NOR gates do not exist. 

• An X-NOR gate can be used as an inverter by connecting one input terminal to logic 
0 and feeding the signal to be inverted to the other terminal. It is a controlled inverter. 

• When three or more variables are to be X-ORed or X-NORed, a number of two-input 
X-OR or X-NOR gates may be used. 

• All logic gates have only one output. 

• AND, OR, NAND, and NOR gates can be used either to enable or inhibit the passage 
of an input signal. 

• When AND and OR gates are enabled, the output follow-s the input exactly. 

• When NAND and NOR gates are enabled, the output is the exact inverse of the input 
signal. 

• AND and NOR gates produce a constant LOW output when they are in the inhibited 
condition. 

• NAND and OR gates produce a constant HIGH output w'hen they are in the inhibited 
condition. 

• All logic gates obey their truth table operations regardless of whether their inputs are 
constant levels or pulsed levels. 


QUESTIONS 


1. What do you mean by a logic gate? Name the baste gates. 

2. What do you mean by logic design? 

3. What do you mean by discrete logic gates? 

4. What is a truth table? 
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6 . 

7. 

8 . 

9. 

10 , 

n. 

12 . 

13. 

14. 

15. 

16. 
17. 


18. 

19. 



21 . 

22 . 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 


What do 

system? 


>ou mean by (a) level logic, (b) positive logic system, and (c) negative 



What are the logic levels used in TTL logic system? 

Petinc the function performed by the following gates, (a) AND (b) OR (c) NOT 

What is the only input combination that will produce a HIGH at the outnut of 
input AND gate? Slx ' 

li one of the inputs to an AND gate is permanently kept LOW, what would be the 
shape of the output waveform when the remaining inputs are applied? 

What is the only input combination that will produce a LOW at the outnui of a fiv* 
input OR gate? 

11 one ot the inputs to an OR gate is permanently kept HIGH, what would be the shape 
of the output waveform when the remaining inputs are applied? 

An AND gate output always differs from an OR gate output. True or false? 

W hich logic gate is called (a) any or all gate (b) all or nothing gate (c) inverter? 

How is logical addition different from ordinary addition? 

Hoys is logical multiplication different from ordinary multiplication? 

What is the maximum number of inputs a NOT gate can have? 

Name the universal gates. Define the functions performed by them. 

What do you mean by (a) bubbled AND gate (b) bubbled OR gate? 

What is the only set of input conditions that will produce a HIGH output from a three- 
input NOR gate? 

What is the only set of input conditions that will produce a LOW output from a three- 
input NAND gate? 

What type of gate is equivalent to a NAND gate followed by an inverter? 

What type of gate is equivalent to a NOR gate followed by an inverter? 

Which logic gate is called (a) coincidence gate (b) anti-coincidcnce gate? 

Which gates can be used as inverters in addition to the NOT gate and how? 

Glve lhe IC numbers of the fofowing TTL gates: AND, OR, NOT, X-OR, X-NOR. 

NOR and NAND. 

What is the maximum number of outputs of any logic gate? 

Draw logic diagrams to realize the following expressions: (a) A 0 B © C © D 
(b) A © B © C. 

W hat is the equivalent of an active-LOW input AND gate? 

What is the equivalent of an active-LOW input OR gate? 

What do you mean by an active-LOW input gate? 

W hat do you mean by pulsed operation of a logic gate? 
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PROBLEMS 

4 1 Draw the logic symbols and construct the truth tables of the following gates: 

(a) AND (b) OR (c) NAND (d) NOR 

4 2 Show an arrangement to X-OR and X-NOR the inputs A, B, C and D. 

Draw the logic diagram and construct the truth table for each of the following 
expressions: 

(a) X = A + B + CD (b) Y = (AB) (A + B) + EF (c) Z = AB + CD +ABC 

4.4 Draw the logic diagram using the ANSI/ EEE symbols for each of the following 

expressions: __ 

(a) X = A + BC + CD (b) Y - AB (C + D) + EF (c) Z = AB + CD + BCD 

4.5 Draw a logic diagram that implements: 

(a) A = (Y, © Y 2 ) (Y 3 © Y 4 ) + (Y s © Y 6 © Y 7 ) 

(b) A = (X, © X 2 ) © <X 3 © X 4 ) + (X 4 © X 5 ) © (X 6 © X 7 ) 

4.6. Two square waves, A of 1 kHz and B of 2 kHz frequency, are applied as inputs to 
the following logic gates. Draw the output waveform in each case. 

(a) AND (b) OR (c) NAND 

(d) NOR (e) X-OR (O X-NOR 

4.7 Three square waves A, B and C of frequency I, 2 and 4 kHz, respectively, are to be 

(a) ANDed (b) ORed (<=) NANDed 

(d) NORed (e) X-ORed (0 X-NORed 

Draw the resultant waveform in each case. 











Chapter 5 

BOOLEAN ALGEBRA 


5.1 INTRODUCTION 

expressed by a Boolew TheBoolcan'a'l^b ^ C ° mp ‘ ex log,c s ‘a<emem can be 

ru.es and law, the 

10 represent the variables. Anv single variahlP ™ A V th ‘ b k ’ We use ca P ital tetters 
of either a 0 or a 1. The bin^ digits 0and l are "T ^ “ hava a »-» 

that occur within the digital Lie draT In Z h e repre M ent ‘ he *"° volta 8 c '*«* 

bin^y I represents the higher of the two voltage levels '^ V aTh"'" 7°' Hence 

or outputs. In actual p^iL'^wive^v vl"° V °' tageS ^ ° CCUr at * ^ 
is treated as logic 1 (TRUE ON HlO-h" a ^ a ove somc tevel (2 V, for example) 
example) is treated asl^b^LSE L^LoV ^ W0W S ° me ^ <°' 8 

In BLTe^alX ra A di frf7an b d 0 A ,h A 0ni, A n 7 a ' gebra “ d ' he bi "^ system, 

value. I, doesn’t h ve any numerical sianifl ' T"^ Variable A has «* a logical 
A • A - A 2 , because the vanab e A h ° rd,nary al 8 ebra - A + A = 2A and 

J + * -1. whereas in the binX^r lyZZT' “"V" *»>“» *Ua, 

I ~ 1 = 2. There is nothing likp snht~w ant * ln ordinary algebra, 

negative or fractional numbers in Boolean algebm^InB " f aIgebra ' Also > there are no 

operations. Logical muL^canon ' the sle “ Mf* —* *** 

the same as the OR operation There are i ND °P eratlon > and logical addition is 

system, whereas in ordinary algebra, you can ha^ C ° nStant ® 0 and 1 within the Boolean 
function of variables in Boolean alsehra M 6 ^ number of constants. A variable or 

whereas Use variables n'lZ, ^T’ **, ° ° a '' 

Thus, in Boolean algebra ^ S assume an infinite number of values. 


If A = 1 , 
If A = 0, 


then A * 0 
then A * 1. 


Any functional relation in Boolean algebra can be proved by the method of w«* 
induction. Perfect induction is a method of proof, whereby a functional relation is verified 
for ever, possible combination of values lhat the variables may assume. This can be done 
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by forming a truth table. A truth table shows how a logic circuit responds to various 
combinations of logic levels at its inputs. 

5.2 LOGIC OPERATIONS 

The AND, OR and NOT are the three basic operations or functions that are performed in 
Boolean algebra. In addition, there are somc derived operations such as NAND, NOR. 

X-OR and X-NOR that arc also performed in Boolean algebra. These operations have been 
described in detail in Chapter 3 in the context of logic gates. 

AND Operation 

The AND operation in Boolean algebra is similar to multiplication in ordinary algebra. In fact, 
it is logical multiplication as performed by the AND gate. 

OR Operation 

The OR operation in Boolean algebra is similar to addition in ordinary algebra. In fact, it is 
logical addition as performed by the OR gate. 

NOT Operation 

' he N<) 1' operation in Boolean algebra is nothing but complementation or inversion, that is. 
negation as performed by the NOT gate. The NOT operation is indicated by a bar over 
the variable. 

NAND Operation 

! he NAND operation in Boolean algebra is equivalent to AND operation plus NOT operation, 
i.e. it is the negation of the AND operation as performed by the NAND gate. 

nor operation 

The NOR operation in Boolean algebra is equivalent to OR operation plus NOT operation, 
i.c. it is the negation of the OR operation as performed by the NOR gate. 

X-OR and X-NOR Operations 

The X-OR and X-NOR operations on variables A and B in Boolean algebra are denoted by 

A © B (= A B + AB) and A o B (= AB + A B), respectively. These operations have been 
described in detail in Chapter 3. 

The X-OR operation is also called the modulo-2 addition since it assigns to each pair 
ol elements its modulo -2 sum. 

5.3 AXIOMS AND LAWS OF BOOLEAN ALGEBRA 

Axioms or postulates of Boolean algebra are a set of logical expressions that we accept 
without prooi and upon which we can build a set of useful theorems. Actually, axioms are 
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nothing more than the definitions of the three basic logic operations that wc have W, . 

d,scus ? ed: AND ’ 0R - and INVERT - axiom can be interpreted as the outcome ? f y 
operation performed by a logic gate. e °l an 


Axiom 1 : 

0-0=0 

Axiom 6 : 

0+1=1 

Axiom 2 : 

o 

■ 

II 

© 

Axiom 7 : 

1+0=1 

Axiom 3 : 

1-0 = 0 

Axiom 8 : 

1 + 1=1 

Axiom 4 : 

1-1 = 1 

Axiom 9 : 

T=o 

Axiom 5 : 

0 + 0 = 0 

Axiom 10 ; 

0 = 1 


Complementation Laws 


The term complement simply means to invert, i.e, to change Os to Is and Is to Os. The live 
laws ot complementation are as follows: 


AND Laws 

The four AND 


OR Laws 

The four OR laws 


Law 1 : 

Law 2 : 

Law 3 : 

Law 4 : 

Law 5 : 

are as follows: 

Law 1 
Law 2 
Law 3 

Law 4 


arc as follows: 

Law I 
Law 2 
Law 3 

Law 4 



0 = 1 

1=0 


If 

> 

II 

o 

4 * 

then 

If 

A = 1, 

A = A 

then 


A * 0 = 0 

A • I = A 

A • A = A 

A • A = 0 


A + 0 = A 

A + 1 =1 

A + A = A 

A + A = 1 



Commutative Laws 


Commutative laws allow change in position of AND or OR variables. There arc two 
commutative laws. 


Law I : 


A + B = B + A 
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I his law states that, A OR B is the same as B OR A, i.e. the order in which the variables 
arc ORed is immaterial, This means that it makes no difference which input of an OR gate 
js connected to A and which to B. Wc give below the truth tables illustrating this law. 




A + B 


B 

A 



B + A 


A 

B 

A + B 

B 

A 

B+A 

0 

0 

0 

0 

0 

0 

0 

1 

1 

= 0 

1 

1 

1 

0 

1 

1 

0 

1 

t 

1 

1 

1 

1 

1 


This law can be extended to any number of variables. For example, 

A+B+C=B+C+A=C+A+B=B+A+C 

Law 2 : A • B = B • A 

This law states that, A AND B is the same as B AND A, i.e. the order in which the variables 
are ANDed is immaterial. This means that it makes no difference which input of an AND 
gate is connected to A and which to B. The truth tables given below illustrate this law. 



A 

B 

A-B 

B 

A 

< 

* 

CD 

0 

0 

0 

0 

0 

0 

0 

1 

0 

= 0 

1 

0 

1 

0 

0 

1 

0 

0 

1 

1 

1 

1 

1 

1 


This law can be extended to any number ot variables, for example, 

A B C = B- C*A = C A-B = B- A- C 

■ 

Associative Laws 

I he associative taws allow grouping of variables. There are two associative laws. 

Law 1 : (A + B) + C = A + (B + (.) 

A OR B ORed with C is the same as A ORed with B OR C. t his law states that the way 
the variables arc grouped and ORed is immaterial. The truth tables given next illustrate this law. 
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(A + B) + C 



A + (B + C) 


A 

B 

c 

A + B 

<A + B) + C 

A B 

C 


B + C 

A + (B + C) 

0 

0 

0 


0 

0 

0 0 

0 


0 

0 

0 

0 

1 


0 

1 

0 0 

1 


1 

1 

0 

1 

0 


1 

1 

0 1 

0 


1 

1 

0 

1 

1 


1 

1 

- 0 1 

1 


1 

1 

1 

0 

0 


1 

1 

1 0 

0 


0 

1 

1 

0 

1 


t 

1 

1 0 

1 


1 

1 

1 

1 

0 


1 

1 

1 1 

0 


1 

1 

1 

1 

1 


1 

1 

1 1 

1 


1 

1 

can 

be extended 

to any number of variables. 

For example. 

A + 

(B + 

C + D) 

= (A + B 

+ C) + D = 

(A 

+ 

B) + (C + D). 




Law 2 

: (A 

• B)C = A(B • 

C) 



B ANDed with C 

is the same as 

A ANDed with 

B ANi > C. This law states that 

the v 

ariables are 

grouped and ANDed is immaterial. 

See the truth tables below: 

t -— 


^ AB 


—x 

(AB}C 

B 



BC 


—i 


J 



= c 


j 


^ A(BC) 



c- 


L_ J 





A 


A 

B 

c 

AB 

(AB)C 

ABC 



BC 

A(BC) 

0 

0 

0 


0 

0 

0 0 0 



0 

0 

0 

0 

1 


0 

0 

0 0 1 



0 

0 

0 

1 

0 


0 

0 

0 1 0 


0 

0 

0 

1 

1 


0 

0 

= 011 



1 

0 

1 

0 

0 


0 

0 

1 0 0 



0 

0 

1 

0 

1 


0 

0 

1 0 1 



0 

0 

1 

1 

0 


1 

0 

1 1 0 



0 

0 

1 

1 

1 


1 

1 

1 1 1 



1 

1 


This law can be extended to any number of variables. For example, 

A(BCD) = (ABC)D = (AB) (CD) 


Distributive Laws 

The distributive laws allow factoring or multiplying out of expressions, There are three 
distributive laws. 


Law 1 


A(B + C) — AB + AC 
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This law states that ORing of several variables and ANDing the result with a single variable 
is equivalent to ANDing that single variable with each of the several variables and then 
ORing the products. The truth tables given below illustrate this law. 



A 

B 

C 

B + C 

A(B + C) 

A 

B 

C 

AB 

AC 

AB + AC 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

0 

0 

0 

1 

0 

0 

0 

0 

1 

0 

1 

0 

0 

1 

0 

0 

0 

0 

0 

1 

1 

1 

0 = 

0 

1 

1 

0 

0 

0 

1 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

1 

0 

1 

1 

1 

1 

0 

1 

0 

1 

1 

1 

1 

0 

1 

1 

1 

1 

0 

1 

0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 


Phis law' applies to single variables as well as combinations of variables. For example. 

ABC(D + E) = ABCD + ABCE 
AB(CD + EF) = ABCD + ABEF 

The distributive property is often used in the reverse. That is, given AB + AC. we replace 
it by A(B + C); and ABC + ABD by AB(C + D). 

Law 2 : A + BC = (A + B) (A + C) 

Phis law states that ANDing of several variables and ORing the result with a single v anable 
is equivalent to ORing that single variable with each of the several variables and then 
ANDing the sums. This can be proved algebraically as shown below. Also, the truth tables 
given next illustrate this law. 

RHS = (A + B) (A + C) 

= AA + AC + BA + BC 
= A + AC + AB + BC 
= A(1 + C + B) + BC 

= A - I + BC (v ]+C + B=i+B=l) 

= A + BC 


- i US 


































































































































I 2t> Fundamentals of Digital C 'ircuits 


8C 


A + B 


A + BC 


(A + B)(A + C) 


A + C ’ 


A 

B 

c 

BC 

A + BC 

A 

B 

c 

A + 8 

A + C 

(A + B) (A + C) 

0 

0 

- 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

1 

0 

t 

0 

0 

1 

0 

0 

0 

0 

1 

0 

1 

0 

0 

0 

1 

t 

1 

1 : 

= 0 

1 

1 

1 

t 

1 

t 

0 

0 

0 

1 

1 

0 

0 

1 

1 

1 

1 

0 

t 

0 

i 

1 

0 

1 

t 

1 

1 

1 

1 

0 

0 

i 

1 

1 

0 

1 

1 

1 

1 

1 

1 

1 

i 

1 

t 

1 

1 

1 

1 


Law 3 : 


A + AB = A + B 


This law states that ORing of a variable with the AND of the complement of that variable 

with another variable, is equal to the ORing of the two variables. See the truth tables given 
below. 



A + AB 



A 

B 

AB 

A +AB 

A 

B 

A + B 

0 

0 

0 

0 

0 

0 

0 

0 

t 

1 

1 = 

0 

1 

1 

1 

0 

0 

1 

1 

0 

1 

1 

1 

0 

1 

1 

1 

1 


rhis law can also be proved algebraically as shown below. 

A + AB = (A + A) (A + B) 
= l • (A + B) 

= A + B 


itiempotence Laws 






Law 1: A - A = A 

means the same value. We arc already familiar with the following laws 

I f A = 0, then A-A = 0- 0 = 0 = A A — 

If A = L then A * A ~ 1 • 1 = I = A a 




This law 


states that ANDing of a variable with itself is equal to that variable only. 




i 
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Law 2 : 

If A = 0, then 
If A = 1, then 

This law states that ORing of a variable with itself is equal to that variable only. 

complementation Laws or Negation Laws 

There are two complementation or negation laws. 

Law 1 : A . A = 0 

I his law states that a variable ANDed with its complement is always 

# 

is, 

If A = 0, then A = 1 and A • A = 0 • 1 = 0 

If A = 1, then A = 0 and A • A = I ■ 0 = 0 

Law 2 : A + A = 1 

this law states that a variable ORed with its complement is always equal to 1. That is. 

If A — 0, then A = 1 and A + A = 0 + l = 1 

If A = 1, then A = 0 and A + A = 1 + 0 = 1 

Double Negation Law 



equal to zero. That 



A + A = A 

A+A=0+0=0=A 
A + A= ! + 1 = i= a 



This law states that double negation of a variable is equal to the variable itself. That is. 



If A = 0, then 
If A = 1, then 


A = 0 = 1 = 0 = A 

A=7=0=1=A 


[>M> 


A = A 


Any odd number of inversions is equivalent to a single inversion and any even number 
of inversions is equivalent to no inversion at all. 


Identity Laws 


1 here arc two identity laws. 


Law 1 


A - 1 “ A 


This law states that a variable ANDed with 1 is equal to the variable itselt. That is. 


if A = 0, then A • I - 0 * 1 — 0 A 
if A = I, then A • 1 = 1 - I = 1 ~ A 


A 



A 


1 
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Law 2 : A + 1 = | 

Ibis law states that a variable ORed with 1 is always equal to 1 , That is 

if A = 0, then A + 1 = 0 + 1 = 1 

if A = 1, then A + I = J + ] = ] 

Null Laws 



'I here are two null laws. 


Law I : A • 0 = 0 

This law states that a variable ANDed with 0 is always equal to 0. That is 

if A = 


= 0, then A • 0 = 0 ■ 0 = 0 

i f A = I, then A . 0 = 1 0 = 0 

Law 2 : A + 0 = A 



0 


la " slates thai a variable OKed with 0 is equal to the variable itself. That is, 

if A = 0 , then A + 0 = 0 + 0 =? 0 = A 
if A = I, then A+0=1+0=1=A 



Absorption Laws 

There are two laws: 

Law 1 ; A + A * B = A 

vartabhT I bTk th3 ‘ Pf'"? ofa var ; ablc < A > 'he AND of that variable (A) and another 
variable (B) is equal to that variable itself (Aj. 




A 

B 

AB 

A + AB 

A- 

\ AB 

0 

0 

0 

0 


H 2 -^ 

0 

1 

0 

0 

B- 

J 

\ A 1 

0 

0 

1 


A — ± 

1 

1 

1 

1 


Algebraically, we have 



ore. 







A + A - B = A(! + B) = A ■ 1 = A 


A + A - Any term - A 
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Law 2 : A(A + B) = A 


This law states that ANDing of a variable (A) with the OR of that variable (A. and another 
variable (B) is equal to that variable itself (A). 


B 



A + B 



A 

B 

A + B 

A{A + B) 

0 

0 

0 

0 

0 

1 

1 

0 

1 

0 

1 

1 

1 

1 

1 

1 


Algebraically, wc have 


Therefore, 


A(A + B) = A • A + A • B = A + AB = A (1 + B = A , 1 = 


A(A + Any term: = A 


consensus Theorem (included Factor Theorem) 


Theorem 1 : AB + AC + BC = AB + AC 
Proof: LHS = AB + AC + BC 

= AB + AC + BC(A + A) 

= AB + AC + BCA + BCA 
= AB (1 + C) + AC (1 + B) 

= AB(1) + AC(1) 

= AB + AC 
= RHS 

This theorem can be extended to any number of variables. For example, 

AB + AC + BCD = AB + AC 

LHS = AB + AC + BCD = AB + AC + BC + BCD = AB + AC + BC = AB + AC = RHS 


Theorem 2: (A + B) (A + C) (B + C) = (A + B) (A + C) 

Proof: LHS = (A + B) (A + C) (B + C ) * (AA + AC + BA + BC) (B + C) 

= (AC + BC + A B) (B + C) 

= ABC + BC + AB + BC + AC + ABC = AC + BC + A B 


RHS = (A + B) (A + C) 

= A A + AC + BC + A B 
= AC + BC + A B = LHS 
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Th, s theorem can be extended to any number of variables. For example 

(A + B) (A + C) (B + C + D) = (A + B) (A + Q 
LHS = (A + B) (A + C) (B + C) (B + C + D) = 

= (A + B) (A + C) 

Transposition Theorem 


(A + B) (A + C) (B + C) 


Theorem: 


Proof: 


AB + AC = (A + C) (A + B) 

RHS = (A + C) (A + B) 

= AA + CA + AB + CB 
= 0 + AC + AB + BC 
- AC + AB + BC(A + A) 

= AB + ABC + AC + ABC 

~ AB + A C 
= LHS 


De Morgan's Theorem 

De Morgan's theorem represents two of the most powerful laws in Boolean algebra. 

Law 1: A + B = AB 

This law States that the complement of a sum of variables is equal to the product of their 

OR- J ,o!^h mP h"‘ S ' “ mea " S iS ,ha ‘ lhC com P l<:me " t »f ^o or more variables 

.. ® . r ’ ls iame as ,he AND of Iho complements of each of the individual 

variables. Schematically, each side of this law can be represented as: 


LHS 


B 


B 


RHS 


NOR gate 


A 


B 


e. 


AB 


A B 


Bubbled AND gate 


A 

B 

A + B 

A + B 

A 

B 

A 

B 

A-B 

0 

0 

0 

1 

0 

0 

i 

1 

1 

0 

1 

1 

0 = 

= 0 

1 

1 

0 

0 

1 

0 

1 

0 

1 

0 

0 

t 

0 

1 

1 

1 

0 

1 

1 

0 

0 

0 
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II > taws lbat ; he N( ’ R , ea ! e is e<,uivalem ,0 a b “ bb '«l AND gate. This has also been shown 
quite simply by truth tables. 

This law can be extended to any number of variables or combinations of variables For 

example, 


A + B + C + D + ■ • • = ABCD • ■ • 


AB + CD + EFG + • • • = AB CD EFG • * • 

It may thus be seen that this law permits removal of individual variables from under a NOT 
sign and transformation from a sum-of-products form to a product-of-sums form. 

Law 2: AB = A + B 

This law states that the complement of the product of variables is equal to the sum of their 
individual complements. That is, the complement of two or more variables ANDed together, 
is ccjual to the sum of the complements of each of the individual variables. Schematically, 
wc have 


LHS 



A 

6 

AB 

A 

B 

A 

B 

A + B 

0 

0 

1 

0 

0 

1 

1 

1 

0 

1 

1 

= 0 

1 

1 

0 

t 

1 

0 

1 

1 

0 

0 

1 

1 

1 

1 

0 

1 

1 

0 

0 

0 


It shows that the NAND gate is equivalent to a bubbled OR gate. This has also been shown 
H u ite simply by truth tables. 

This law can be extended to any number of variables or combinations of variables. For 

example, 


A BCD. ,.= A + B + C + D+ .. 


(AB) (CD) (EFG). . * AB + CD + (EFG) + . . . 

It may also be seen that like law I, the law 2 also permits removal of individual variables 
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X^ d Tol NPT Sig "- ^ ' ransfo ™ aIi ™ • P^C-of-sum, fern, a ^ 
it may be seen that the transformations 


A + B = A B 


AB = A + B 

Can b ° extendcd 10 complicated expressions by the following three steps; 
1 ■ Complement the entire given function. 

Change aI1 thc ANDs to ORs and all the ORs to ANDs. 

3. Complement each ol the individual variables. 


• hi> procedure is called demorganizatioti. 


EXAMPLE 5.1 Demorttanize 


(A + B)(C + D) 


Solution 

The given function is 

Complement the entire function 
Change ANDs to ORs and ORs 
to ANDs 

Complement the variables 


(A + B){C + D) 

(A + B) (C + D 


A B + C D 
A • B + C • D 


Demorgan s theorem to the expression AB(CD + EF)(AB + CD) 

Solution 


The given expression is 


= AB(CD + EF) (AB + CD) 


- AB + CD + EF + (AB + CD) 


AB + (CD * EF) + (AB • CD) 

= AB ^ (C + D) (E + F) + A BCD 

A second method of performing den,orga„i Mt io„ is ‘Break the line, change the sign”. 

and B C and^the T + CM ‘ We ca " break ,ba iinc 

,, , ’ ' ne bcmeen C and D ‘ a " d >hat between D and E and change 

from AN Ding to ORine. This yields a 4 - 5 7* , ^ . = 


EXAMPLE 5.3 Reduce the expression 


AB + A + AB 


Solution 


The given expression is 


AB + A + AB 
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Break the upper line between AB and A, 
an d that between A and AB, and change 
the signs between AB, A, AB. 


Simplify 

Alternatively: 

Break the lower line between 
A and B and change the sign 
between them. 

Simplify 

Break thc line between A and B, 
and that between B and AB, and change 

the sign between them. 


= AB • A ■ AB 

= AB • A * AB 

= AB • AB 

= 0 


= A + B + A + AB 
= A + B + AB 


= A • B • AB = AB ■ AB = 0 * 


Additional Theorems 


Theorem 1: X f (X, X, Y,..., Z ) = X • f (1, 0, Y,..., Z) 

This theorem states that if a function containing expressions/terms with X and X is 

multiplied by X, then all thc Xs and Xs in the function can be replaced by Is and Os. 
respectively. This is permissible because, 

X - X = X = X I and X • X = 0 = X • 0 


Theorem 2 : X+f (X, X, Y.. Z ) = X + f (0, I, Y, .... Z) 

This theorem states that if a function containing expressions/terms with X and X is added 

to X, then all thc Xs and Xs in thc function can be replaced by Os and Is, respectively. 
This is permissible because, 

X + X = X = X + 0 and X + X = 1 = X + 1. 

Theorem 3: f (X, X, Y, ..., Z ) = X • f (I, 0, Y, Z) + X - f (0, 1, Y, ...Z), 

Theorem 4: f (X, X , Y.Z ) = [ X + f (0, 1, Y, ...» Z)J [X + f (1, 0, Y, ..., Z)J 


5 *4 DUALITY 


know that in a positive logic system the more positive ol the two \ ullage kvel> is 
represented by a 1 and the more negative by a 0 . In a negative logic system the more 
positive of the two voltage levels is represented by a 0 and the more negative by a I. This 
distinction between positive and negative logic systems is important because an OR gate in 
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-•"v- , o/Dig::al Circuits 


V l08 ' C S>S1Cm . beCOm * S an AND 8*e in the ncga.ivc logic system an I • 
haneiif ^ ""** "*** «•«* ®ve rise to a basic duality in all Bel ■ r, Versa - 

an^VNr? K..° ne '° SiC SySttm ,0 ano,hCT ’ 0 becomes "and I becomes o f it •*"« 

" 0 ® alc becomes an OR gate and an OR gate becomes an AND nate r^' Ur,hcrnu,r c. 

* dUal kk '"'" y b> B ""* V signs to • Signs "n .‘**» 

P foce ^ Some dual identities are given below: ‘ complemented in th; s 

Duals 




Given Expression 


Dual 


1 = 


A - A = A 

A - A = 0 
A * B = B • A 
A • (B ■ C) = (A ■ B) • C 
A - (B + C) = AB + AC 
A (A + B) = A 

A - (A - B) = A • B 


14. AB = A + B 

15. (A + B) (A + C) (B +C) 

= A + B(A + C) 

• A + C) (A + B) = AB + AC 

A + BC = (A + B) (A + C) 

(A + B) (C + D) = AC + 

AD + BC + BD 

19. A + B = AB + AB + AB 
29. A + BfC + DE) = A + BCDE 


21. AB + A + AB = 0 

22. AB + AC + ABC (AB + C) = 1 


A + A = 1 

A + B = B + A 

A + (B + C) = (A + B) + C 

A + BC = (A + B) (A + C) 

A + AB = A 

A+A+B=A+B 

A + B = A B 

AB + AC + BC = AB + AC 

AC + AB - {A + B) (A + C) 

A(B + C) = (AB + AC) 

(AB + CD) m (A + C) (A + Dj 
(B + C) (B + D) 

AB = (A + B) (A + B) (A + B) 


A[B + (C-D + E)] 

= A-(B+C+D + E) 


A + B • A • (A + B) = I 


(A + B) (A + C) ■ f(A + B + C) 
+ (A + B)Cj = 0 


29. ABD + ABCD = ABD 

24. AB + ABC + A(B + AB) = 0 

25. A + BC(A + BC) = A + BC 
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(A + B + D) (A + B + C + D) 

= (A + B + D) 

(A + B)-(A + B + C) . (A 

+ [B(A + B)]) = 1 

A ■ t(B + C) + A • (B + C)] 

= A ■ (B + C) 


5.5 REDUCING BOOLEAN EXPRESSIONS 


Every Boolean expression must be reduced to as simple a form as possible before 
realization, because every logic operation in the expression represents a correspond inti 
clement of hardware. Realization of a digital circuit with the minimal expression, therefore, 
results in reduction of cost and complexity and the corresponding increase in reliability. To 
reduce Boolean expressions, all the laws of Boolean algebra may be used. The techniques 
used for these reductions are similar to those used in ordinary algebra. The procedure is: 

(a) Multiply all variables necessary to remove parentheses. 

(b) Look for identical terms. Only one of those terms be retained and all others 
-dropped. For example, 

AB + AB + AB + AB = AB 

(c) Look for a variable and its negation in the same term, i his term can be dropped. 
For example, 

A - BB - A • 0 = 0; ABCC = AB • 0 = 0 

(d) Look for pairs of terms that are identical except for one variable which may be 
missing in one of the terms. The larger term can be dropped. For example, 

ABC D + ABC = ABC(D + 1) * ABC • 1 = ABC 

(e) Look for the pairs of terms which have the same variables, with one or more 
variables complemented. If a variable in one term ol such a pair is complemented 
while in the second term it is not, then such terms can be combined into a singL 
term with that variable dropped. For example, 

ABCD + ABCD = ABC(D + D) = ABC • 1 = ABC 
AB(C + D) + AB(C + D) = AB[(C + D) + (C + D)] = AB • 1 * AB 


EXAMPLE 5,4 Reduce the expression A[B + C(AB + AC)]. 

Solution 

The given expression is 


A[B + C(AB + AC)] 










































u'hunu'nUiis tv f)igiki/ Circuits 

Demorganize AB + AC 

Demorganize AB and AC 

Multiply (A + B) (A + C) 

Simplify 

Simplify 

Simplify 

Simplify 

Simplify 

EXAMPLE 5.5 Reduce the expression 
Solution 

The given expression is 

Expand (B + C)D 

Expand B(AC + BD + CD) 

Write in order 

Factor 

Reduce 

Simplify 

EXAMPLE 5.6 Reduce the expression 
Solution 

The given expression is 

Demorganize (A + BC) 

Simplify 

Multiply 

Rearrange 

EXAMPLE 5.7 Reduce the expression 
Solution 

The given expression is 
Multiply the first two terms 
Reduce 


= A[B + C(AB AC)] 

= A[B + C(A + B) (A + C)] 

— + C(A A + AC + BA + Bt')j 

= A(B + CA + CAC + C B A + CBC) 
= A(B + CA + 0 + CBA + 0) 

= AB + ACA + ACBA 
= AB + 0 + 0 
= AB 

A + B[AC + (B + C)D] 

A + B[AC + (B + C)D] 

~ A + B(AC + BD + CD) 

= A + BAC + BBD + BCD 

= A + ABC + BD + BDC 

~ A(1 + BC) + BD(1 + C) 

= A • 1 + BD • 1 
= A + BD 


(A + BC) (AB + ABC) 


(A + BC) (AB + ABC) 

= (ABC) (AB + ABC) 

= (ABC) (AB + ABC) 

= ABC AB + ABC ABC 

~ AAB BC + A A BBCC 
= 0 + 0=0 

(B + BC) (B + BC) (B + D) 

(B + BC) (B + BC) (B + D) 

= (BB + BCB + BBC + BC BC) (B + D) 
= (B + BC + 0 + 0) (B + D) 
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Factor = B(1 + C) (B + D) 

Reduce =6(6 + 0) 

Expand = BB + BD 

Simplify = B(1 + D) = B 

EXAMPLE 5.8 Show that AB + A fic + BC = AC + BC 

Solution 

AB + ABC + BC = A(B + BC) + BC 
“ A(B + B) (B + C) + BC 
= AB + AC + BC 
= AB(C + C) + AC + BC 
= ABC + ABC + AC + BC 
= AC(1 + B) + BC(1 + A) 

= AC + BC 

EXAMPLE 5.9 Show that ABC + B + BD + ABD + AC = B + C 
Solution 

ABC + B + BD + ABD + AC = ABC + AC + B(1 + D + AD) 

= C(A + AB) + B 

= C(A + A) (A + B) + B 

= CA + CB + B 

= (B + C) (B + B) + CA 

= B + C + CA 

= B + C(1 + A) 

= B + C 

5.6 BOOLEAN EXPRESSIONS AND LOGIC DIAGRAMS 

Boolean expressions can he realized as hardware using logic gates. Conversely, hardware 
can be translated into Boolean expressions for the analysis of existing circuits. 

Converting Boolean Expressions to Logic 

T he easiest way to convert a Boolean expression to a logic circuit is to start with the output 
and work towards the input. Assume that the expression AB + A + B + C is to be realized 
UK ing AOI logic. Start with the final expression AB + A + B + C. Since it is a summation 
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of three terms, it must be the output of a three-input OR gate. So, draw an OR 

three inputs as shown below. with 



AB must b e the output of an inverter whose input is AB. And bTc must h e 
output of an inverter whose input is B + C. So, we introduce two inverters as shown below 



R Jz * Af mu f* be the output of a two-input AND gate whose inputs are A and B. And 

must e t e output of a two-input OR gate whose inputs are B and C So 
we introduce an AND gate and an OR gate as shown below. 



Converting Logic to Boolean Expressions 

MnrasiOT Imn w f ! h ' in P ut si 8 nals ®>d develop the terms of the Boolean 

expression until the output ts reaehed. Consider the logic diagram shown below. 





(AB)(CD)(C + D + EF + G) 


C D + EF + G 




A EF 

—- 
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First label all the inputs. The signals A and B feed the ANn r ru 
gate ^ therefore, AB. This is the input to NOT gate £To^f^ NoTg^G 

will, therefore, be AB. The^C and D are the inputs to AND gate G 4 . The output of this 
gate is, therefore, CD. The E and F are the inputs to AND gate G 5 . The output of this gate 

iS) therefore, EF. This signal EF is the input tojnverter G 6 . Its output is, therefore, EF. 

The input to inverter 0 7 is G. So, its output is G. Now C, D, EF, and G are the inputs 

to OR gate G 8 . The output of the OR gate G g will, therefore, be (C + D + EF + G) This 

is the input to inverter G 9 . The output of G 9 is, therefore, (C + D + EF + G). The inputs 

to the AND gate G 3 are, AB, CD and (C + D + EF + G). The output of G~, which is also 

the output of the logic circuit is, therefore, equal to (AB) • (CD) ■ (C + D + EF + G) 

EXAMPLE 5.10 Write the Boolean expression for the logic diagram given below and 
simplify it as much as possible and draw the logic diagram that implements the simplified 
expression. 


B 


Output 


Solution 


Starting from the input side and writing the expressions for the outputs ot the individual 
gates, we can easily show that the 

Output = (A + AB) (B + BC) (C + AB) 


A 


A(1 + B) B(1 + C) (C H AB) 
AB(C + AB) 

ABC + AB 
AB(1 + C) 

AB 


AB 


,B + BC 


A + A0 ](A + ABHB + BC)(C + AB) 

J 


AB 


,AB 


I he logic diagram to realize the simplified expression is just an AND gate shown below. 


Output = AB 


B 
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EXAMPLE 5.11 Draw the simplest possible logic diagr 
logic diagram shown below. 


am that implements the 


output ofthp 



Solution 

starting from the input side and writing the expressions for the outouts of th. a n , 
gates as shown in the diagram below, we have P f h lnd,v,dual 


Output = (A + A + B)(B + B + C) 


- (A + A + B) + (B + B + C) 

= A • (A + B) + B * (B + C) 

- A • (A + B) + B • (B + C) 

= AA + AB + BB + BC 
= A + AB + B + BC 

= A(l + B) + B(3 + C) 

= A + B 

The logic diagram to implement the simplified 


A + (A + 6) 



(A + A + B)(B + B + C) 


B + {B + C) 


B + C 


expression is shown below. 


B 



Output = A + B 


5.7 CONVERTING AND/OR/INVERT LOGIC TO NAND/NOR LOGIC 

fsum^^Droduct^'h! C,rCU,tS ’ ' h JL m '" imal Boolean expressions are usually obtained in SOP 
(rtnMrf-pre daote) fomt or POS (product-of-sums) form. Sometimes the minimal 

Zn of ANn «„ h eXPreS ln hybrid f0nn - The SOP ' s implemented using a 

group of AND gates whose outputs are ORed and the POS fomt is implemented using a 

group of OR gates whose outputs are ANDed. The hybrid is a combination of both the SOP 

and POS forms. Sometimes the complement of a function is to be implemented. So, the 

designed circuit can be implemented using AND and OR gates only called the A/O logic, 
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,.une ANU/uivi-* e—-*>-- oi Boolean expressions, 

^ variable and its ^complement are assumed to be available. For example, the SOP 

expression ABC + AB + ABC can be implemented in A/O logic as shown below. 



The POS expression (A + B + C) (B + C) (A + B + C ) can be implemented using 
OR and AND gates as shown below. 



, A + B ♦ C)(B + C)(A + B + C) 


The expression ABC + AB [- B(A + AC)] can 
shown below. 


be implemented in hybrid form as 



* „»c remiired for realization (from to 6 

hybrid logic reduces the number ot gate inp through different number 

___ . * , . _i __nitYerent inputs pass tnrougii • ... „ 


in 
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; HUpu! Jnj ma y give rise to logic race The SOP and Pnc t • 
leve ' ! °8 ,c - The two-level logic provides uniform ti . ? rca],zatl0n $ give rise to tw 
because each input signal has to pass through two gates ' npm and out PUt 

not sutter from the problem of logic race. C ° u,put - So, it does 

fins. comp U N ,^d°?onvm c d°o AOT “’d ^ Whicl > ** 

or NOR logic depending on .he choice The pLturc is- ‘° C “ hCr NAN » 'ogic 

Draw the circuit in AOI logic 

* ^zzVoT*:: ^ s ;r dd a circ,e at ,he — ° f and ga , e and 

«"r.;: AN D ch “::; add a c,rcie at the nu ' pui ° f «■* or g a, e a „ d „ the 

lha. the polarity^'signals on'htc''lincs^emaiT'u “ Circlc in . stc P s 2 or 3 so 
original diagram. 13 nh U!Kflan ge<i from that of the 

EXAMPLE S .,2 Convert .he fo.low.ng AO , Iogic ci rcuil t0 (a) NAND logic, and (b, NOR 


1 

“> 


3 


4 



<3) OR N ga.is S ^ shown b^w."' ° U,PU ' ° f AND « ale a " d a ' «» '"puts to all 



Add an inverter to each of the lines E F r n ti». . . , . , . , 

nre , inn «- ctpn ac ( u ftum . . , » s C, D that received only one circle in the 

previous bup as shown below so that the nnlaritu J . j 

polarity of these lines remains unchanged* 
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Inverters in lines C and I) can be removed, if C. and D are replaced by C and D 
Line H received two circles. So, no change is required. 



Using only NAND gates, the logic circuit can now be drawn as shown below. 



b) NOR logic. Put a circle at the output ot each OR gate and at the inputs to all AND 
gates as shown below. 



Add an inverter in each of the lines A, B, F, and I that receive on> _ 
the previous step, so that the polarity of these lines remains ur.w unge 

received two circles. So, no change is required. 
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B- 


Using only NOR gates, the logic circuit can now be drawn ch 

' hat ’ he inVener in hnC 8 «- removed assuming ,ha, g ** 


Now study the conversion of the following sm 
(b) NOR logic. following AOI circuit to (a) NAND 


and 
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NOR logic 


variables can be included in the logic operation a 
and expandable A/O gates available in 1C form 


an, Ldutu expandable gates. 


are shown below. 









(a) Expandable 4-wide A/O gate 
Y - AB + CDE + FG + HI 



(b) 2-wide 4-input AOI gate 
Y = ABCD + EFGH 




Y = ABCD + EF + GHI + JK 
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Active-LOW Notation 


The logic gates and circuits discussed so far, are called active-HIGH gates and circuits 
means that the action represented or initiated by a variable occurs when it is equal to $ | 
in some digital circuits, action occurs when one of several inputs is a 0. Such an innut 
said to be an active-LOW input. On logic diagrams, placing the inversion bubble at the poi^ 
where the input signal is connected, shows an active-LOW input. We may regard the bubbl 
itself as an inverter. Thus, we can think of a 0 occurring on the external signal line as bem«! 
inverted and producing a 1 internal to the device and vice versa, ® 

Tbe logic symbols of active-HIGH logic gates, their active-LOW versions, and ANSI. 11 i 

symbols for active-10W notation are shown below. Note that the NAND gate is equivalent to 

an active-LOW input OR gate. The NOR gate is equivalent to an active-LOW input AND i> a | L ° 

The active-LOW symbols (alternate symbols) can be obtained from active-HIGH symbols 

(standard symbols) by inverting each of the inputs and outputs and changing the gates—OR 
AND and AND to OR. h 


Traditonal symbols 
Active HIGH 


Traditonal symbols 
Active LOW 


ANSI/IEEE Symbols 
Active LOW 




OR Gate 





A B = A + B 



A 

NOR Gate 

6 



A 

B 



A 

B 



ab=a+b 


.Asserted levels. The logic signals can be active-LOW signals or active-HIGH signals. Nomially the 
aetrve-HKJH signals are represented by variables with no bar over them such as CLOCK. 
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A, MhM, etc. whereas the active-LOW signals are represented by variables with bar over 

them such as X, CLR, MEM, etc. The bar simply emphasizes that a particular signal is 
active-LOW. When a signal is in its active state, it is said to be asserted. When it is not in 
its active state, i.e. when it is inactive, it is said to be unasserted. The terms ‘asserted’ and 
unasserted are synonymous with 'active’ and ’inactive', respectively. 

Negative logic. 1 he assertion level refers to the signal level necessary to cause an event to 
occur. Till now, we have assumed that logic 1 is + 5 V and logic 0 is 0 V. In this notation, 
events occur when inputs are + 5 V, i.e. the assertion level is a 1. This is called positive 
logic , because a 1 is more positive than a 0. In some systems, it is convenient to define 
the ground level as a 1 and + 5 V as a 0. That means that the assertion level is a 0. That 
is, the level required to do something is a 0. This is called negative logic, because a 0 is 
more negative than a 1. In a negative logic system, the more positive of the two voltage 
levels is represented by a logic 0. An AND gate in the positive logic system becomes an 
OR gate in the negative logic system and vice versa. 

Active-LOW bubbles can be very useful when analyzing logic diagrams, because they 
can be placed in such a way that they effectively cancel out one another. This eliminates 
the necessity for writing numerous inversion bars over compound logic expressions. 

The circuit below implements the expression q (C + AB) We can use Boolean algebra 
to show that this expression is equivalent to DC(A + B). 





D(C + A + Bj 



Conventional logic diagram 


The same implementation with active-LOW equivalents by replacing one NOR cate and one 
inverter is shown below. Since consequent inversion bubbles cancel out as shown, it is 
readily apparent in this diagram that the output is DC(A + B). 



Logic diagram using active-LOW notation 
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5.8 MISCELLANEOUS EXAMPLES 


EXAMPLE 5.13 B 

set of simultaneous equations 


the values of the two-valued variables A, B, C and D hv 

lAtinnc * ’ l, y 


solving the 



A + AB = 0 


AB = AC 


AB + AC + CD = CD 

Solution 


Given 

A + AB = 0 

or 

(A + A) {A + B) = 0 

or 

(I) (A + B) = 0 

or 

A + B = 0 

i e. A must be 0 and B 

must be 0. Therefore, A = 1 

Also 

AB = AC 

or 

1 • 0 = 1 - c 

Therefore 

C = 0 

Also, 

AB + AC + CD = CD 


= 0 , 


1*0 + 1- 1+0- D= I D 


1 = D 


Therefore, the values of A, B, C, and D are A = 1, B = 
EXAMPLE 5.14 Prove that 


0, C = 0, and D = 1 


(a If A © B = 0, then A = B 
-) A © B = A © B = A 0 B 
(e) l © A = A 

tg) A © A = | 

Solution 


fb) A © B = A © B 
(d) 0 © A = A 

(0 A © A = 0 


i ne X-OR gate is an anti-coincidence gate. Its output is 0 when both the inputs 
are equal. Therefore, if, A © B ~ 0, then A must be equal to B. 

(b) A © B = AB + AB 

A © B — A * B + A • B ~ AB + AB 


• A © B = A © B 
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(c) A ©B — A • B + A • B = AB + A B = A © B 
A©B = A B + A B-AB + AB = A © B 
A © B = A®B = A®B 

(d) 0 © A = 0 • A + 0 A 

(e) I © A ~ l • A + 1 - A 

(f) A © A = A * A + A ■ A 

(g) A © A = A • A + A • A = A • A + A • A = A + A = I 

EXAMPLE 5.15 Show that NAND and NOR gates are universal gates. 
Solution 


-0 + I • A = 0 + A = A 
= A + 0 • A = A + 0 = A 
= 0 + 0=0 


We know that AND, OR, and NOT gates are the basic building blocks of a digital computer. 
They are called the basic gates. Any digital circuit of any complexity can be built using only 
these three gates. A universal gate is a gate which alone can be used to build any logic 
circuit. So, to show that the NAND gate and the NOR gate are universal gates, we have 
to show that all the three basic logic gates can be realized using only NAND gates or using 
only NOR gates. The diagrams given below show the realization of AND, OR. and NOT 
functions using either only NAND gates or only NOR gates. 


(a) Realization of AND function 
using only the NAND gates 


(b) Realization of OR function 
using only the NAND gates 



AB = AB 



(c) Realization of NOT function 
using only the NAND gate 



(d) Realization of AND function 
using only the NOR gates 



using only the NOR gates 


B 



A + B = A + B 
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* Realization of NOT function A 
using only the NOR gate 



A + A = A 


r NOR L togt 16 Rea "“ U,C X OR fU " C,i0n USing (a) A01 l0 * i<: - < b ) NAND logic. 

Solution 


(.'ii Using AO I logic: 



(b) Using NAND logic: 



X = AB + AB 

= AA + AB + AB + BB 
= A(A + B) + B(A + B) 
= AAB + BAB 

= AAB + BAB 


and 


= AAB * BAB 
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(c) Using NOR logic: 



X = AB + AB 

= AA + AB + AB + BB 
= A(A + B) + B(A + B) 
= (A + B) (A + B) 

- (A + B) (A + B) 

= (A + B) + (A + B) 


5.9 DETERMINATION OF OUTPUT LEVEL FROM THE DIAGRAM 


The output logic level i'or the given input levels can be determined by obtaining the Boolean 
expression for the output of the circuit and then substituting the values of the inputs in that 
expression. This can also be determined directly from the circuit diagram by writing down 
the output level of each gate starting from the input side till the final output is reached. This 
technique is often used for troubleshooting or testing of a logic system. This procedure is 
self-evident from the illustration given below. 



The same result can be obtained by writing the output expression and substituting the values 
of the inputs in it. Thus, 

X = (ABC) (BCD) 


- (0 • 1 • 0)(I • 0 1) 
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SUMMARY 


• Boolean algebra is a system of mathematical logic, which uses canit, i t „ 

alphabet to represent variables. Any single variable, or a funchon n, ? ° f En S‘'sh 
ha\c a value ot either a 0 or a I. 1 var * a bles can 

• In Boolean algebra, there is no subtraction or division n„iv i • , ,,. . 
reulMication are perforated. There are no fracrins or 

' ^i S”" " tHe The OR operation is the santc 

a T ™rThetlble lhe Sam ' “ ° f "*-**«■ # is represented by 

‘ either «* NAND gates or only 

T^. 2 m Z°- 2 addi,ion opcra,ion • 

Axioms or postulates of Boolean algebra are a set of logical exnre«in„, ,h„ 
without proof and upon whieh we ean build a se, of useful theorems aC “ P ‘ 

a a r of 7 nabics * «wi *> * 

is equal ,0 the sum of their ^ 

Dc Morgan s theorem allows removal of variables from under a NOT sign It allows 
transformation from SOP form to POS form. 8 

» ls d “a a id° Ism 0 0 P s C Th°" iS ° b M ined by Changi " 8 ANDs *° 0Rs > 0 R s to ANDs. Os 
to is, and is to Os. The variables are not complemented. 

hardware * C ° Perat '° n in ftlL Boolcan expression represents a corresponding element of 

com P' emcn ' *>' “tire function, change all the 

variables! '° AN ° S ' a " d ' hen c ° m P Il ™-'"‘ “oh of the individual 

iM^Md a to°be°avfibWe an “P^ 5 ' 0 " 5 ' b °‘ h ' hC variabl,:s and th eir complement are 


In A01 logic, the circuits are realized using AND, OR, and NOT gates only. 

• : here are two basic forms of Boolean expressions—SOP form and POS form. 

7r.e hybrid form of realization is a combination of both SOP and POS forms. 

• A/0 gates in which an additional variable or a combination of variables can be included 
in the logic operation, are called expandable gates. 

• A circuit ha\ mg n AND gates feeding an OR gate is called an w-wide A/0 gate. 
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Active-LOW gates and circuits are those in which the action represented or initiated 
by a variable occurs when it is equal to a 0. 

Active-HIGH gates and circuits are those in which the action represented or initiated 
by a variable occurs when it is equal to a I. 

On logic diagrams, an inversion bubble at the point where the input is connected to 
a gate, indicates an active-LOW input. 

An OR gate in the positive logic system becomes an AND gate in the negative logic 
system and vice versa. 

Laws oj Boolean Algebra at a glance 

Laws of complementation 0=1; T=0; A = A 


AND laws 

If A = 0, then A = I; if A = 1, then A = 0 
A *0 = 0; A * 1 = A; A * A = A; A * A = 0 

OR laws 

A + 0 = A; A + 1 = 1; a + A = A; A + A = 1 

Commutative laws 

A + B = B + A; AB = BA 

Associative laws 

(A + B) + C = A + (B + C); (AB) C = A ■ (BC) 

Distributive iaws 

A • (B + C) = AB + AC; A + BC = (A + B) (A + C) 

Idempotenee iaws 

A*A = A; A + A = A 

Negation laws 

A • A * 0; A + A = 1 

Double negation law 

A = A 

Identity laws 

A • 1 = A; A + I = 1 

Null laws 

A ■ 0 = 0; A + 0 — A 

Absorption laws 

A + AB = A; A(A + B) = A 

Consensus theorem 

AB + AC + BC = AB + AC 

(Included factor theorem) 

Transposition theorem 

AB + AC = (A + C) (A + B) 

De Morgan’s theorem 

A + B = A • B; AB = A + B 


QUESTIONS 


What do you mean by the following logic operations? 

(a) AND (b) OR (c) NOT (d) NAND 

(e) NOR (0 X-OR (g) X-NOR 

What do you mean by axioms or postulates of Boolean algebra? 

State and prove commutative, associative, distributive, idempotenee, negation, identity 
null and absorption laws of Boolean algebra. 
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4. 

5. 

6 . 

7. 

8 . 
9. 

10 . 

11 . 

12 . 

13 . 

14. 

15. 


Mate and provc consensus theorem and transposition theorem. 

State and prove De Morgan's theorem. 

How do you demorganize a Boolean expression? 

How do you obtain the dual of a Boolean function? 

Wha. are the steps followed in the reduction of Boolean expressions’ 

Wha. do you mean by (a) active-HlGH gates or eireuits and (b) active-LOW gates or 


What is (a) AOI logic and (b) universal logic? 

How do you convert AOI logic to (a) NAND logic and (b) NOR logic? 

V^hat are the tw j o basic forms of Boolean expressions? 

a F ™.Xg£ L n ome? VC SyS ‘ em ' Wha ' d °“ ° R ga,e b — wha. does 


Show that both NAND gate and NOR gate are universal gates. 

Realize X-OR operation using (a) only NAND gates, (b) only NOR gates, and (c) AOI 


PROBLEMS 


5.1 Verify by the truth table method. 




(a i A AB + AB - A + B (b) (A + B) (A + B) = AB + A B 

Reduce the following Boolean expressions. 


(a) AABBC 
(d) ABCA B 


(b) ABCBAC (c) A - I • A ■ A 

(e) ABBAC (f) BBBB 


Reduce the following Boolean expressions. 


Ia) P Q ^ P (b) P + Q + R + P (c) P + Q + R + R+ R 

d)P + Q + R+ i (e) 0 + P + Q + J (f) P + p + p + p 

~ A Reduce the following Boolean expressions. 


(a) XY + XY + Y + Y (b) XX + YYY ( c ) XXY + XYY 

fd) XY * XYY (e) XY + XY + XY (f) XYZ + YYZ + YZ + XY 

5-5 Reduce the following Boolean expressions. 

a XI X + YZ) ib) X(YZ + YZ) (c) X(XY + XZ) (d) AAB{A BC + BBC) 

5.6 Reduce the following Boolean expressions. 

iaj AB + A(B + C) + B(B + D) (b) (X + Y + Z) (X + Y + Z)X 

(C) ABBF + ABEF + ABEF (d) ABCfAB + C(BC + AC)] 

i ej AB + ABC + A BCD + ABC DE (f) A + B + ABC 
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(g) BCD + (B + C + D) + BODE <h) (ABC) (AB) + BC 

(i) (WX^+ WY)(X + W) + WX(X + Y) (j) AB + AC + ABC(AB + C) 

(k) ABC + ABC + ABC + ABC (l) AB + AC + ABC(AB + C) 

5.7 Prove that 

(a) AB + A + AB = 0 (b) AB + AC + ABC(AB + C) = I 

(c) AB + ABC + A(B + AB) = 0 (d) AB + A(B + C) + B(B - C) = B + AC 

(c) AB(C + BD) + A B = BC 

(0 ABC + (A + B + C) + A BCD = AB(C + D) 

(g) ABCD + AB(CD) + (A3) CD = AB + CD 

(h) (A + A) (AB + ABC) = AB (i) (AB + AC) (BC + BC) (ABC) = 0 

(j) ABC + ABC + ABC = AC + AB (k) A[B + C(AB + AC) = AB 

(l) (A + BC) (AB + ABC) = ABC (m) A + BC(A + BC) = A 

(n) ABC(A + B + C) = ABC (o) ABC + A B + BC = AB 

5.8 Apply De Morgan s theorem to each ot the following expressions. 

(a) P(Q + R) (b) (P + Q) (R + S) 

(c) (A + B)(C + D) (E + F)(G + H) (d) (A = B + C + D) (0 + ABCD) 

5.9 Without reducing, convert the following expressions to NAND logic. 

(a) (A + B) (C + D) (b) (A + C) (ABC + ACD) 

(c) (A + BC)D (d) AB + CD(A B + CD) 

5.10 Without reducing, convert the following expressions to NAND logic. 

(a) A + BC + ABC (b) (XY + Z) (XY + P) (c) (1 + A) (ABC) 

5.11 Without reducing, convert the following expressions to NOR logic. 

(a) X + Y + XY (b) (XY + X + XTY) (c) (I + A) (AC) 

5.12 Without reducing, implement the following expressions in AOI logic and then convert 
them into {1) NAND logic and (2) NOR logic. 

(a) A + BC = (A + BC) + D (b) A + BC + B + C + BC 

5.13 Prove that 

(a) If A + B = A + C and A + B ~ A + C, then B = C. 

(b) If A + B = A + C and AB = AC, then B = C. 


5,14 Given AB + AB - C, show that AC + AC = B. 


















































Chapter 6 

THE KARNAUGH 1 iviiA 
QUINE-McCLUSKY METH C)ds 


6.1 INTRODUCTION 

We have seen how Boolean expressions can be simplified algebraically, but being not a 
systematic method wc can never be sure whether the minimal expression obtained is the 
rea minimal. The effectiveness of algebraic simplification depends on our familiarity with 
anu ability to apply Boolean algebraic rules, laws and theorems. The Karnaugh map 
i k-map), on the other hand, is a systematic method of simplifying Boolean expressions. The 
k-map is a chart or a graph, composed of an arrangement of adjacent cells, each 
representing a particular combination of variables in sum or product form. Like a truth table, 
k is a means of showing the relationship between the logic inputs and the desired output’ 
Although a K-map can be used for problems involving any number of variables, it becomes 
tedious for problems involving five or more variables. Usually it is limited to six variables. 
An v variable function can have 2" possible combinations of product terms in SOP form, 
or 2 possible combinations of sum terms in POS form. Since the K-map is a graphical 
representation of Boolean expressions, a two-variable K-map will have 2 2 = 4 cells or 

squares, a three variable map will have 2 J = 8 cells or squares, and a four variable map 
will have 2 — 16 cells, and so on. 

Anv Boolean expression can be expressed in a standard or canonical or expanded sum 
i OR. i oj products {AND}—SOP form —or in a standard or canonical or expanded product 
(AND) of 5urns (OR)— POS form. A standard SOP form is one in which a number of 
product terms, each one of which contains all the variables of the function either in 


complemented or non-complemented form, are summed together. A standard POS form is 
one in which a number of sum terms, each one of which contains all the variables of the 
function either in complemented or non-complemented form, are multiplied together. Each 
jj the product terms in the standard SOP form is called a minterm and each of the sum 
terms in the standard POS form is called a maxterm. For simplicity, the minterms and 
maxterms are usually represented as binary words in terms of Os and Is, instead of actual 
variables. For minterms, the binary words are formed by representing each non- 
complemented variable by a 1 and each complemented variable by a 0, and the decimal 
equivalent of this binary word is expressed as a subscript of lower case m, i.c. m () , m 3 , 
m 5 , m 7 , etc. For maxterms, the binary words are formed by representing each non- 
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complemented variable by a 0 and each complemenicd variable by a I and the decimal 
equivalent of this binary word is expressed as a subscript of the upper case letter M, i.e. 
M 0 , M„ etc. An> given function which is not in the standard form, can always be converted 
to standard form by unreducing , that is, expanding the function. 

A standard SOP form can always be converted to a standard POS form, by treating 
the missing minterms of the SOP form as the maxterms of the POS form. Similarly, a 
standard POS form can always be converted to a standard SOP form by treating the 
missing maxterms of the POS form as the minterms of the corresponding SOP form. 

6.2 EXPANSION OF A BOOLEAN EXPRESSION TO SOP FORM 

The following steps arc followed for the expansion of a Boolean expression in SOP form 
to the standard SOP form: 

1. Write down all the terms. 

2. If one or more variables are missing in any term, expand that term by multiplying 
it with the sum of each one of the missing variable and its complement. 

3. Drop out the redundant terms. 

Also, the given expression can be directly written in terms of its minterms by using the 
following procedure: 

1. Write down all the terms. 

2. Put Xs in terms where variables must be inserted to form a minterm. 

3. Replace the non-complemented variables by Is and the complemented variables by 
Os, and use all combinations ot Xs in terms of Os and Is to generate minterms. 

4. Drop out all the redundant terms. 

EXAMPLE 6.1 Expand A + B to minterms and maxterms. 

Solution 

The given expression is a two-variable function. In the first term A, the variable B is 
missing; so, multiply it by (B + B). In the second term B, the variable A is missing; so, 
multiply it by (A + A). Therefore, 

A + B = A(B + B) + B(A + A) 

= AB + A B + BA + BA 

=AB+AB+AB+AB 

= AB + AB + AB 
= 01 + 00+10 
= rrij + + m 3 

= I m(0, 1, 2) 
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The min term m, is missing in the SOP fonn. Therefore, the_maxterm M 3 will be present 
in the POS form. Hence the POS fonn is nM 3 , i.e. A + B, Also, 

A + B = AX + XB 
= OX + XO 
= 00 + 01 + 00 + 10 
= 00 + 01 + 10 
= I m(0, 1, 2) 


EXAMPLE 6.2 Expand A + BC + ABD + ABCD to mintcmis and maxterms. 

Solution 

The given expression is a four-variable function. In the first term A, the variables B, C, and 

D are missing. So. multiply it by (B + B) (C + C) (D + D). In the second term BC. the 

variables A and D are missing. So, multiply it by (A + A) (D + D). In the third term. ABD, 

the variable C is missing. So, multiply it by (C + C). In the fourth term ABCD. all the 
variables are present. So, leave it as it is. Therefore, 


A = A(B + B) (C + C) (D + D) 

= .ABCD - ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 

BC = BC(A + A) (D + D) = ABCD + ABCD + ABCD + ABCD 

ABD = ABD(C + C) = ABCD + ABC D 
or 

A * BC + ABD + ABCD = ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 

+ ABCD + ABCD + ABCD + ABCD 
~ m [5 * m ,4 * m 13 + m l2 + m H + m 10 + m 9 + m 8 + m 5 + m 4 

= Z m(4. 5, 8, 9, 10, II, 12, 13, 14, 15) 

i.n the SOP form, the minterms 0, 1, 2, 3, 6, and 7 are missing. So in the POS form, the 
maxterms 0. 1, 2, 3, 6, and 7 will be present. Therefore, the POS form is 

FI M(0, 1, 2, 3, 6, 7) 


A = AXXX = 1XXX 

= iooo + iooi + ioio + ion + 1100+ i ioi + 1110+ 1111 

= mjj - m^ - m 10 + m,, + m 12 + m 13 + m, 4 + m 15 
BC = XBCX = X10X 


= 0100 + 0101 + 1100 + 1101 
= m 4 + m s + m 12 + m 13 

ABD = ABXD = 11X0 = 1100 + 1110 = m 12 + m l4 
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Dropping out the redundant terms, we get 

A + BC + ABD + ABCD - I m(4, 5, 8, 9, 10, 11, 12, 13, 14, 15) 


6.3 EXPANSION OF A BOOLEAN EXPRESSION TO POS FORM 

The expansion of a Boolean expression to the standard POS form is conducted as follows: 

3. If one or more variables arc missing in any sum term, expand that term bv adding 
the products of each of the missing term and its complement. 

2. Drop out the redundant terms. 

The given expression, can also be written in terms of maxterms by using the following 
procedure: 

(a) Put Xs in terms wherever variables must be inserted to form a maxterm. 

(b) Replace the complemented variables by I s and the non-complemented variables by 
0s and use all combinations of Xs in terms of 0s and Is to generate maxterms. 

(c) Drop out the redundant terms. 


EXAMPLE 6.3 Expand A{ B + A)B to maxterms and minterms. 

Solution 

The given expression is a two-variable function in the POS form. The variable B is missing 
in the first term A. So, add BB to it. The second term contains all the variables. So, leave 
it as it is. The variable A is missing in the third term B. So, add AA to it. Therefore, 


A=A + BB=(A + B)(A+ B) 
B = B + AA = {B + A) (B + A) 


A(B + A)B = (A + B) (A + B) (A + B) (A + B) (A + B) 

= {A + B) (A + B) (A + B) 

= ( 00 ) ( 01 ) ( 10 ) 

- M 0 * M| • M, 

= n M(0, 1, 2) 

The maxterm M 3 is missing in the POS form, So, the SOP form will contain only the 
minterm rn v 

Also, 


A OX = (00) (01) = M 0 ■ M, 

(A + B) (01) = M, 

B —> X0 = (00) (10) = M 0 * M, 
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here fore 


A(A + B)B = n M(0, ], 2) 


EXAMPLE 6.4 Expand A(A + B) (A + B + C) lo maxterms and n,interns. 

Solution 

' given expression is a three-variable function in the POS form. The variables |j „,j c 
e-e missing injhe first term A. So. add BB and CC to it. The variable C is mission i„ th , 

:'“""h‘ c ™ ( * + B) .- So> add CC t0 '* The lhird tern (A + B + C) contains all the 
\anables. So, leave it as it is. Therefore, C 

A = A + BB + CC = (A + B) 


A + B 


+ B) + CC = (A + B + CC) (A + B + CC) 

A + B + C) (A + B + C) (A + B + C) (A + B + C) 

A + B + CC = (A + B + C) (A + B + C) 


Therefore, 


A(A B) (A + B + C) - (A + B + C) (A + B + C) (A + B + C) (A + B + C) 

(A + B + C) (A + B + C) 

= (000) (001) (010) (Oil) (100) (101) 

® M o ‘ M, • M, • M 3 • M 4 • M 3 

= n M(0, 1, 2, 3 , 4, 5) 

;'e maxtenns M 6 and M 7 are missing in the POS form. So, the SOP form will contain the 

nnterms 6 and 7. Therefore, the given expression in the SOP form is I m(6 7) 

Also, 


A -> 0XX = (000) (001) (010) (011) 

— M 0 • M, ■ M 2 • Mj 
A + B 1 OX = (100) (101) = M 4 • M 5 

A + B + C = 101 = M 5 

Therefore, 

A(A + B) (A + B + C) = n M(0, 1, 2, 3, 4, 5) 

F.\ \ MPLE 6.5 Write the algebraic terms of a four-variable expression having the following 

minterms. 

m o (b) m 5 (c) m 9 (d) m J4 

Solution 


Given minterm 

m 0 

m 5 

m 9 

m 14 _ 

Binary form 

0000 

0101 

1001 

11 to 

Product term 

ABCD 

ABCD 

ABCD 

ABCD_ 
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EXAMPLE 6,6 Write the algebraic lerms of a four-variable expression having the following 
maxterms. 


Solution 

(a) Mj 

(b) 

M, 

(c) M n 

(d) M, 4 

Given maxtemi 

M 3 


M, 

M,, 

M |4 

Binary form 

0011 


1001 

ion 

1110 

Sum term 

A + B + C + D 

A 

+ B + C + D 

A + B + C + D 

A + B + C + D 


6.4 COMPUTATION OF TOTAL CATE INPUTS 

1 he total number of gate inputs required to realize a Boolean expression is computed as 
follows: 

If the expression is in the SOP form, count the number of AND inputs and the number of 
AND gates feeding the OR gate, if the expression is in the POS form, count the number of OR 
inputs and the number of OR gates feeding the AND gate. If it is in hybrid form, count the gate 
inputs and the gates feeding other gates. 

The cost of implementing a circuit is roughly proportional to the number of gate inputs 
required. 

EXAMPLE 6.7 How many gate inputs are required to realize the following expressions? 

(a) f x = ABC + ABCD + EF + AD 

(b) f 2 = A(B + C + D) (B + C + E) (A + B + C + E) 

Solution 

(a) Write the expression ABC + ABCD + EF + AD 


Count the AND inputs 3 + 4 + 2 + 2=11 

Count the AND gates feeding the OR gate 1 + 1 +1 + 1=4 

Total gate inputs = 15 

(b) Write the expression A • (B + C + D) • (B + C + E) • (A + B + C + E) 

Count the OR inputs 0+ 3 + 3 + 4 =10 

Count the OR gates 

feeding the AND gate 1 + I + 1 + I =4 

Total gate inputs = 14 


6.5 TWO-VARIABLE K-MAP 

A two-variable expression can have 2 2 = 4 possible combinations of the input variables A 

and B. Each of these combinations, A B, AB, AB, and AB (in the SOP form) is called a 
minicrm. Instead of representing the minterms in terms of the input variables, using 
the shorthand notation the minterms may be represented in terms of their decimal 
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ic 


designations nq, for A B, m, for AB, m, for AB and „> f., r 

ssarA -- for ■“ - 

Consider the egression, A B * AB + AB. „ can * expressed using^ 

m 0 + m 2 + m 3 - I m (0, 2, 3) 

3nd should be read as the sum of minterms 0 ? an ,i i it , , 

of a truth table as shown below ’ " Can 3,80 bC re P^ented in 


as 


Minterm 

Inputs 

A B 

Output 

f 

0 

0 

0 

1 

1 

0 

1 

0 

2 

1 

0 

1 

3 

1 

1 

1 


K«tr ^•fsssasA'iTass^ 

evor'-ssfon Ln L K T “T for out P ut - Such information about the two-variable 
expression can also be indicated by a two-variable K-map. 

Mapping of sop Expressions 

tt'rr/r!^ haS 2 ' = 4 5qUarRi - These squarcs are c =" s - Each square on 

shown rn Fin sf A f 72*- The minterm designations of the squares are 

included in fhc output expression Tnd To'or" kT** ‘ he correspondin 8 minterm is 
corresponding mintenn does no. appear in foe ex^ressTonfoToufour ' nd ‘ Ci “ eS ' ha ‘ ** 


A\ 0 1 


0 

AB 

t 

AB 

2 

A8 

3 

AB 


Fig. 6.1 

Two-variable K-map. 

The mapping of the expression Z m{0, 2, 3) is shown in Fig. 6.2. 
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V 

a\ 

0 

1 


0 

1 

0 

1 

0 1 


2 

3 

1 . ' 

1 

1 


Fig. 6.2 K-map of I m(0, 2, 3). 

EXAMPLE 6.8 Map the expression AB + AB. 

Solution 

The given expression in minterms is 

iri| + m 2 = Z m(l, 2). 

The K-map is shown below. 


aTu 


0 

0 

1 

1 

2 

1 

3 

0 


Minimization of SOP Expressions 

To minimize a Boolean expression given in the SOP form by using the K-map, we have 
to look for adjacent squares having Is, that is, minterms adjacent to each other, and 
combine them to form larger squares to eliminate some variables. Two squares are said 
to be adjacent to each other, if their minterms differ in only one variable. For example, 

in a two-variable K-map, m 0 and m,, i.e. A B and AB differ only in variable B (A is 
common to both of them). So. they may be combined to form a 2-square to eliminate 
the variable B. 

Similarly, minterms m 0 (A B) and m 2 (AB); nij (AB) and m 3 (AB); and m 2 (AB| 

and m, (AB) are adjacent to each other However, minterms m 0 i A B i and m, (AB), and 

m, (AB) and m 2 (AB) are not adjacent to each other, because they differ in more than 
one variable. 

The necessary (but not sufficient) condition for adjacency of minterms is that their 
decimal designations must differ by a power of 2. A minterm can be combined with any 
number of minterms adjacent to it to form larger squares. 

fwo minterms, which are adjacent to each other, can be combined to form a bigger square 
called a 2-square or a pair. Phis eliminates one variable - the variable that is not common to 
both the minterms. For example in Fig. 6.3, 

m 0 and m, can be combined to yield, f, = m 0 + m, = A B + AB = A 

m 0 and ni 2 can be combined to yield, f 2 = + m 2 = A B + AB = B 

m, and m, can be combined to yield, f 3 — m, + m 3 — AB + AB = B 
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m 2 and m 3 can be combined to yield, f 4 = m 2 + m 3 = AB + AB = A 
m ( , m 2 , m 3 , and m 4 can be combined to yield, f 5 = m 0 + m, + + m 

= AB + AB + AB+ab 

— A + A 
= 1 



Fig. 6.3 The possible minterm groupings in a two-variable K-map. 


Two 2-squares adjacent to each other can be combined to form a 4-square. A 4-square 
eliminates 2 variables. A 4-square is called a quad. 

To read the squares on the map after minimization, consider only those variables which 
remain constant throughout the square, and ignore the variables which arc varying. Write 
the nun-complemented variable it the variable remaining constant is a 1, and the 
complemented variable if the variable remaining constant is a 0, and write the variables as 


a product term. In Fig. 6.3, fj is read as A, because, along the square, A remains constant 

as a 0, that is, as A, whereas B is changing from 0 to 1. f 3 is read as B, because, along 
the square, B remains constant as a 1, whereas A is changing from 0 to I. f 5 is read as 

a !. because, no variable remains constant throughout the square, which means that the 
output is a 1 for any combination of inputs. 


EXAMPLE 6.9 Reduce the expression A B + AB + AB using mapping. 
Solution 


Expressed in terms of minterms, the given expression is 

mo + m, + m 3 = I m(0, I, 3) 

i he diagram below shows the K-map and its reduction. In one 2-square A is constant 
as a 0 but B vatys from a 0 to a 1. and in the other 2_- S quare. B is constat as a I but 

. . c.r\ - from a 0 to a 1. So, the reduced expression is A + B. It requires two gate inputs 
for r ealization as shown below. 
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The main criteria in the design of a digital circuit is that its cost should be as low as 
yossible. To design a circuit with the least cost, the expression used to realize that circuit 
must be minimal. Since the cost is roughly proportional to the number of gate inputs in the 
circuit, an expression is considered minimal only if it corresponds to the least possible 
number of gate inputs. There is no guarantee that the minimal expression obtained from the 
K-map in the SOP form is the real minimal. To obtain the real minimal expression, we obtain 
the minimal expressions for any problem in both the SOP and POS forms by using the 
K-maps and then take the minimal of these two minimals. 

We know that the Is on the K-map indicate the presence of minterms in the output 
expression, whereas the Os indicate the absence of minterms. Since the absence of a 
minterm in the SOP expression means the presence of the corresponding maxterm in the 
POS expression of the same problem, when a SOP expression is plotted on the K-map, Os 
or no entries on the K-map represent the maxterms. To obtain the minimal expression in the 
POS form, consider the Os on the K-map and follow the procedure used for combining Is. 
Also, since the absence of a maxterm in the POS expression means the presence of the 
corresponding minterm in the SOP expression of the same problem, when a POS expression 
is plotted on the K-map, Is or no entries on the K-map represent the minterms. 


Mapping of POS Expressions 

Each sum term in the standard POS expression is called a maxterm. A function in two 

variables (A, B) has four possible maxterms, A + B, A + B, A +B, and A - B. They 
are represented as M 0 , M„ M 2 , and M 3 respectively. The upper case letter M stands for 
maxterm and its subscript denotes the decimal designation ot that maxterm obtained by 
treating the non-complemented variable as a 0 and the complemented variable as a I and 
putting them side by side for reading the decimal equivalent ot the binary number so formed. 

For mapping a POS expression on to the K-map, Os are placed in the squares 
corresponding to the maxterms which are present in the expression and Is are placed (or 
no entries are made) in the squares corresponding to the maxterms which are not present 
in the expression. The decimal designation ot the squares tor maxterms is the sam<- as that 
for the minterms. A two-variable K-map and the associated maxterms are shown in Fig. 6.4. 


8 


A 

0 

i 


0 1 


0 

A + B 

1 

A + B 

2 

A + B 

A + B 


Fig. 6.4 The maxterms of a two-variable K-map. 

EXAMPLE 6.10 Plot the expression (A + B) (A + B) (A + B) on the K-map. 

Solution 

The given expression in terms of maxterms is n M(0, 2, 3). The corresponding K-map is 
shown on the following page: 
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Minimization of POS Expressions 


Fo obtain the minimal expression in the POS form mao the eiven pac 
the K-map and combine the adjacent Os into as large squares as possiWe 0^'°" ° n '° 
putting the complemented variable if its value remains constant as a “ 
complemented vanable if its value remains constant as a 0 along the entire Ll n0n ‘ 

•“ “ ~ —■—*» «ssa 

Various maxterm combinations and the corresponding reduced 
Fig- 6.5. f, is read as A because A remams constant L a 0 throuZut 2^e“ ™B ST 

trom a 0 to a 1. f 2 is read as B because B remains constant along the square as T 

the “u- a0, ° aLfs ' S rC3d “ 3 ° b ° th * variables 1 
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A \ 0 
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GI 
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is 


B n 
a n 0 


1 


0 


1 


o!- 


0 

^o 


2 

0 




f, = B 


f„ = A 


U m 


B) (A B) (A + B) using mapping. 


Fig. 6.5 The possible maxterm groupings in a two-variable K-map. 

EXAMPLE 6.11 Reduce the expression (A + 

Solution 

Ie e K"™n“n'rfli" I™,* maXlem,S “ 0 M(0. 1, 3). The diagram below shows 
£ P *Z% redUC,,0n ' “ requlres two 8«« inputs for realization of the reduced 



f = AB 


In the given expression, the maxterm M 2 is absent. This is indicated by a 1 on the 

K map. The corresponding SOP expression is Z m 2 or AB. This realization is the same as 
that for the POS form. 
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6.6 THREE-VARIABLE K-MAP 

A function in three variables (A, B, ( ) expressed in the SOP form can have eight possible 

combinations: A BC, A BC, ABC, ABC, ABC, ABC, ABC, and ABC. Each one of these 
combinations designated by m 0 , m,, m 2 , m 3 , m 4 , m 5 , m 6 , and m 7 , respectively, is called a 
minterm. A is the MSB of the minterm designator and C is the LSB. 

In the POS form, the eight possible combinations are: A + B + C, A + B+ C, 

A+B + C, A+B + C, A+B + C, A+B+C, A + B+ C, and A + B + C. Each 
one of these combinations designated by M 0 , M t , M 2 , M 3 , M 4 , M s , M 6 , and M 7 , respectively, 
is called a maxterm. A is the MSB of the maxterm designator and C is the LSB. 

A three-variable K-map has, therefore, 8(= 2 5 ) squares or cells, and each square on the 
map represents a minterm or maxterm as shown in Figs. 6.6a and b. 


S.BC ™ 

X oo 

01 

ii 

10 

o 

o 

o 

01 

11 

10 

0 

0 

ABC 

i 

ABC 

j 

ABC 

2 

ABC 

0 

0 

A + B + C! 

J 

A + B + C 

J 

a + b + c 

2 

A + B + C 

1 

4 

ABC 

s 

ABC 

7 

ABC 

6 

ABC 

1 

A + B + C 

s 

A + B + C 

7 

A + B + C 

8 

A+B + C 


(a) M interms (b) Maxterms 


Fig. 6.6 The minterms and maxterms of a three-variable K-map. 

I he binary numbers along the top ot the map indicate the condition of B and C for each 
column. The binary number along the left side of the map against L 1 JiC h row indicates the 
condition of A for that row. For example, the binary number 01 on top of the second 
column in Fig. 6.6a indicates that the variable B appears in complemented form and the 
variable C in nan-complemented form in all the minterms in that column. I he binary number 
0 on the left of the first row’ indicates that the variable A appears in complemented form 
in all tire minterms in that row. Similarly, the binary number 01 on top ot the second column 
in Fig. 6.6b indicates that the variable B appears in non-complemented form and the variable 
C in complemented form in all the maxterms in that column. The binary number 0 on the 
left of the first row indicates that the variable A appears in non-complemented form in all 
the maxterms in that row. Observe that the binary numbers along the top ot the K-map are 
not in normal binary order. They are, in tact, in Gray code. This is to ensure that two 
physically adjacent squares are really adjacent, i.e. their minterms or maxterms differ by 
only one variable. 

EXAMPLE 6.12 Map the expression A BC + ABC + ABC + ABC + ABC. 

Solution 

Hie minterms arc: A BC = 001 = m,; ABC = 101 = m s ; ABC = 010 - m 2 ; ABC =110 
* ni 6 ; ABC =111= m 7 . The K-map is shown on the following page. 
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. BC 
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EXAMPLE 6.13 Map the expression (A + B + C) (A + B + C) (A + B + C) 
(A + B + C) (A + B + C). 

Solution 

The maxterms are:_A + B + C = 000 = M 0 ; A + B + C = 101 = M 5 ; A + B + C = 111 
= M 7 ; A + B + C = 011 = M T ; A + B + C = 110 = M 6 


.BC 

X 00 

01 

11 

10 
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0 

0 , 
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1 

3 

0 

2 

1 

1 

4 

1 

s 

0 

7 

0 

8 
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Minimization of SOP and POS Expressions 

For reducing the Boolean expressions in SOP form plotted on the K-map, look at the Is 
present on the map. These represent the mintemis. Look for the minterms adjacent to each 
other, in order to combine them into larger squares. Combining of adjacent squares in a 
K-map containing Is (or 0s) for the purpose of simplification of a SOP (or POS) expression 
' led looping. Some of the minterms may have many adjacencies. Always start with the 
minterm with the least number of adjacencies and try to form as large a square as possible. 
: he larger squares must form a geometric square or rectangle. They can be formed even 
by wrapping around, but cannot be formed by using diagonal configurations. Next consider 
the minterm with next to the least number of adjacencies and form as large a square as 
possible. Continue this till all the minterms are taken care of. Read the minimal expression 
from the K-map. corresponding to the squares formed. There can be more than one minimal 
expression. 

Two squares are said to be adjacent to each other (since the binary designations along 
the top of the map and those along the left side of the map are in Gray code), if they are 
ph> ;icali> adjacent to each other, or can be made adjacent to each other by wrapping around. 

Reading the K-maps 

Some possible combinations of minterms and the corresponding minimal expressions read 
from ire K-maps are shown in Fig. 6.7. Here f 6 is read as l, because along the 8-square 

no variable remains constant. f 5 is read as A, because, along the 4-square formed by m 0 , 
m . m-. and m 3 . the variables B and C are changing, and A remains constant as a 0. 
Algebraically, we have 
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f s = m 0 + m, + m 2 + m 3 * A BC + A BC + ABC + ABC 

= A B(C + C) + AB(C + C) 

= A B + AB = A(B + B) " A 
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f, = BC + AB + AC 
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f, = AB + BC + AC 
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f 3 = C + B 
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Fig. 6.7 Some possible combinations of minterms in a three-variable K-map 

(in the SOP form). 


f 3 is read as C + B, because in the 4-square formed by m 0 , m 2 , m 6 , and m 4 , the variables 
A and B are changing, whereas the variable ’ remains constant as a 0. So it is read as C. 
In the 4-square formed by m 0 , m h m 4 and m 5 , A and C are changing but B remains constant 
as a 0. So it is read as B. So, the resultant expression for f\ is the sum of these two, i.e. 
C + B. ___ 

f, is read as BC + AB + AC, because in the 2-square formed by m 0 and m 4 , A_is 
changing from a 0 to a 1, whereas B and C remain constant as a 0. So, it is read as BC. 
In the 2-square formed by m 0 and m h C is changing from a ;i to a 1. whereas A and B 
remain constant as a 0. So, it is read as A B. In the 2-square formed by m 0 and m^JB 
is changing from a 0 to a 1 whereas A and C remain constant^as^a 0. So, it is read as AC. 
Therefore, the resultant SOP expression is, BC + AB + AC. 

Some possible maxtenn groupings and the corresponding minimal POS expressions read 
Irorn the K-map arc shown in Fig. 6.8. 


Fig. 6.8 
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(a) f, = (C)(B) 
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(b) f 2 = (A ♦ B)(B + C)(A + C) 


Some possible combinations of maxterms in the three-variable 
K-map (in the POS form). 


hi Fig. 6.8a, along the 4-square formed by M|, Mj, and Mj, A and B are changing 
Irorn a 0 to a 1, whereas C remains constant as a 1, So it is read as C. Along the 4-square 
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formed by M 3 , M 7 and M h , variables A and C are changing from a Oj to a I K 

remains constant as a 1. So it is read as B. The minimal expression is the DroHnr>f r ^ 
two terms, i.e. f, - (C)(1). P of ^se 

In Fig. 6.8b, along the 2-square formed by M 4 and M 6 , variable B is chancing f, 

0 t0 3 1. white variable A remains constant as a I and variable C remains constant as Tn 
So. read it as A + C. Similarly, the 2-squarc formed by M 7 and M (i is read as A + B wh i 

the 2-squarc formed by M 2 and M 6 is read as B + C. The minimal expression is the nrcuU , 
of these three sum terms, i.e, f : = (A + C)(A + B)(B + C). C 


EXAMPLE 6.14 Reduce the expression I m(0, 2, 3, 4, 5, 6) using mapping and implement 
it in AOI logic as well as in NAND logic. 

Solution 

The K-map and its reduction, and the implementation of the minimal expression using AOI 
logic and the corresponding NAND logic are shown below. 




(a) =C AB AB 


(b) AO) logic 


(c) NAND logic 


EXAMPLE 6.15 Reduce the expression fl M(0, 1, 2, 3, 4, 7) using mapping and implement 
it in AOI logic as well as in NOR logic. 


Solution 


i w k-map and its reduction and the implementation oi the minimal expression using AOI 
logic and the corresponding NOR logic arc shown below. 



f = (B + C) {B + C)(A) 
(a) = B + C + B + C+ A 




(b) AOI logic 


(c) NOR logic 


EXAMPLE 6.16 Obtain the real minimal expression for X m(I, 2, 4, 6, 7) and implement 
it using universal gates. 


Solution 

In the given expression, minterms m 0 , m 3 , and m 5 are missing. They, therefore, become the 
max terms for the POS expression, f! M(0, 3, 5). 
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To obtain the real minimal expression, obtain the minimal expressions in both the SOP 
mil POS forms and then take the minimal of those two. The respective K-maps with their 
minimal expressions are shown below. 



f=AC+AB+BC+ABC 
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f = (A + B + C)(A + B + C){A + B + C) 


In the POS form, no minimization is possible. The SOP form requires 13 gate inputs 
whereas the POS form requires 12. So, the POS form is preferred. Thus, the real minimal 

expression is 

(A + B + C) (A 4- B + C) (A + B + C) 


= (A VB + C) + (A + B + C) + (A + B + C) 


The logic diagram using NOR gates is shown below. 



6.7 FOUR-VARIABLE K-MAP 

A tour-variable (A, B, C, D) expression can have 2 4 = 16 possible combinations of input 

variables such as A BCD, A BCD, . . ABCD with minterm designations mo, . . ., 

m )S , respectively, in the SOP form and as A + B + C + D, , . A + B - C + D with 
maxterm designations M 0 , M,, . . M l5 , respectively, in the POS form. 

A four-variable K-map has 2 4 = 16 squares or cells and each square on the map 

represents either a mintenrt or a maxterm as shown in Fig. 6.9. 

The binary number designations of the rows and columns are in Gray code. The binary 
numbers along the top of the map indicate the conditions of C and D along any column and 
binary numbers along the left side indicate the conditions of A and 8 along any row. The 
numbers in the top right corners of the squares indicate the minterm or maxterm 
designations as usual. 
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a + b + c + d a + B + C + D 


POS form 

Fig. 6.9 The minterms and maxterms of a four-variable K-map. 

EXAMPLE 6.17 Reduce using mapping the expression X m{2. 3, 6. 7. 8, 10, 11, 13 
Solution 


14). 


Mart with the min term with the least number of adjacencies. The minterm m n has no 
adjacency. Keep it as it is. The m g has only one adjacency, m 10 . Expand m g into a 2-square 
i^io- e m 7 as two adjacencies, m 6 and m 3 . Hence m 7 can be expanded into a 
^square wi m 6 , m 3 and m 2 . Observe that, m 7 , m 6 , m 2 , and m 3 form a geometric square. 

e m ii as 2 adjacencies, m 10 and m 3 . Observe that, m n , m l0 , m 3 , and m 2 form a 
geometric square on wrapping the K-map. So expand m n into a 4-square with m 3 and 
m ; . Note that, m 2 and m 3 , have already become a part of the 4-square m 7 , m 6 , m 3 ! and 
m 3 . But if m 1: ii, expanded only into a 2-square with m| 0 , only one variable is eliminated. 
So m- and m 3 are used again to make another 4-square with m M and m 10 to eliminate two 
variables. Now only m 6 and m 14 are left uncovered. They can form a 2-square that 
eliminates only one variable, Don t do that. See whether they can be expanded into a larger 
square. Observe that, m 2> m 6 , m !4 , and m !0 form a rectangle. So rn 6 and m )4 can be 
expanded into a 4-square with m 2 and m,Q. This eliminates two variables. 



1 
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The jc-map above produces the following terms. 

(a) m 13 is to be read as ABCD _ 

(b) 2-square of m 8 and m 10 yields ABD _ 

( C ) 4-square of m 7 , m 6 , m 2 , and m 3 yields AC 

(d) 4-square of m 2 , m 3 , m tl , and m 10 yields BC 

(e) 4-square of m 2 , m 6 , m )4 , and m ]0 yields CD 

Therefore, the reduced expression is ABCD + ABD + AC + BC + CD (18 inputs). 

EXAMPLE 6.18 Reduce using mapping the expression X m(0, 1, 2, 3, 5, 7, 8, 9, 10, 
12. 13) and implement it in universal logic. 

Solution 

The given problem in the POS form is 1 i M(4, 6, 11, 14, 15). The K-maps for the SOP 
and POS forms and their reductions are shown below. The SOP form of realization is more 
economical. Now, 


BD +AC + AD = BD • A C • A D 

The implementation of the minimal expression using NAND logic is shown below. 






f 


{a)f = BD + AC + AD (b)f = (A + B + D) (A + C + D) (A +B + C) (c) NAND logic 

EXAMPLE 6.19 Reduce using mapping the expression II M(2, 8, 9, 10, 11, 12, 14) and 
implement it in universal logic. 

Solution 

1 iie given expression in the SOP form is X m (0, 1, 3, 4, 5, 6, 7, 13, 15). The K-maps 
for the SOP and POS forms and their reductions are shown below. The POS lorm is more 
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(a) f = AC + AD + AB + BD 
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6.8 FIVE-VARIABLE K-MAP 


\ five-variable (A^B, C^D, E) expression can have 2 5 = 32 possible combinations of i, n 
variables such as ABCDE, E, . , ABCDE, with mintenu designations m^, m ni 
respectively, in SOP form and as A + B + C+ D + E, A + B + C + |> + £ 

® + £ + B + with maxterm designations M 0 , M„ . . M,„ respectively, in POS form 

The 32 squares of the K-map arc divided into 2 blocks of 16 squares each. The left block 

represents minterms from m® to m, 5 in which A is a 0, and the right block represents 
minterms from m 16 to in,, in which A is 1 The five-variable K-map may contain 2-squares 
4-squares, 8-squares, or other combinations involving these two blocks. Squares are also 
considered adjacent in these two blocks, if when superimposing one block on top of 
another, the squares coincide with one another. 

Some possible 2-squares in a five-variable map are ni 0 , m ]6 ; m 2 , m t8 ; m s , m 
Some possible 4-squarcs are m 0 , m 2 , m 

m 2b 


m l3 , m11;, m^g, m 3 ^ 


^ 20 * ^ 28 ’ ^ 24 ’ 


m 5 , 


m 5 , m 


m 


13' 


m 2 , 

m l6* 

m l8i 

m 0 , m„ m l6 , 

m, 7 ; 

m 29 

■ 




m„ 

m„ 

m 2> 

nii6, m1 7 , m 19 , 

m i«; 

m l5» 

m 21> 

m 23 

i m 29 , 



21 ' 


16 ’ 


niQ % mji* nigj 


The squares are read by dropping out the variables which change. Some possible 
groupings shown in Fig. 6.10 are read as follows. 


(a) 

my, 

m, 6 
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BC D E 

My, 
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+ D 

+ E 


(b) 

m 2 , 
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BCDE 

m 2 , 

M ig 
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+ D 

+ E 


(c) 

m 4 . 

m <r 

m ; 

j 0 , m 22 = BCE 

m 4 , 

Mo, 
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M 22 

= B 

+ C 

+ E 

(d) 
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017 , 

m 
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EXAMPLE 6.20 Reduce the following expression using mapping: 


I m(0, 2, 3, 10, 11, 12, 13, 16, 17, 18, 19, 20, 21, 26, 27) 
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Solution 

The given expression in the POS form is 

FI M(l, 4, 5, 6, 7, 8, 9, 14, 15, 22, 23, 24, 25, 28, 29, 30, 31) 

The real minimal expression is the minimal of the SOP and POS forms 

SOP form 

In the K-map shown below: 

m ]2 can go only with m 13 . Form a 2-square which is read as A BCD. 

ni (l can go with m 2 , m )6 and m 1H . So, form a 4-square which is read as BCE. 

m 20 , m 2 |, m l7 and m, 6 form a 4-square which is read as ABD. 

m 2 , m 3 , m l8 , m t9 , m l0 , m M , m 26 , and m 27 form an 8-square which is read as CD. 

The minimal expression is ABCD + BCE + ABD + CD (16 inputs) 



POS form 

In the K-map shown below: 
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27 
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f = (A + B + D + E)(A + B + £)(B + C + D)(A + B + D)(C + D) 

M, can go only with M v So, make a 2-square, which is read as (A + B + D + E). 
M 4 can go with M s . M „ and M„ to fomi a 4-square, which is read as (A + B + C). 
































































































































17 6 Fundamentals of Digital Circuits 

Mg ljii go with M 9 , M 24 , and M 25 to form a 4-square, which is read as (B + (' jjj 

M> 8 can go with M 29 , M 24 , and M 25 to form a 4-squarc. which is read as (A + B f n 

M ,0 can make a 4-square with M,„ M„, and M 2 , or with M,„ M,,, and M „ Do „'; 

do that. Note that it can make an 8-square with M 3I , M 23 , M,„ M.M 

M IS , which is read as (C + D). 

The minimal expression is 

(A + B + D + E) (A + B + C) <B + C + D) (A + B + D) (C + D) (20 inputs) 
The SOP form requires less number of gate inputs. The real minimal expression is, therefore 

A BCD + BCE + AB D + CD 

6.9 SIX-VARIABLE K-MAP 

A six-variable (A, B, C, D, E, F) expression can have 2'' = 64 possible combinations of input 

variables such as ABCDEF, ABCDEF, . . ., ABCDEF, with mmterm designations 
nio, m„ . . ., m 63 , respectively, in the SOP form and as (A + B + C + l) + E + F), (A + 

B - t + D + E+F),. (A + B + C + D + E + F), with maxterms designations 
M„, M„ . . M 63 , respectively, in the POS form. The 64 squares of the K-map arc divided 

into four blocks of 16 squares each. Each square on the map represents a minterm or 
maxterm. i he values of A and B remain constant for all minterms (maxterms) in each 
block. The top left block represents minterms (m 0 to m 15 ) in which A is a 0 and B is a 

0. The top right block represents minterms (m, 6 to m 3l ) in which A is a 0 and B is a 1. 

T he bottom left block represents minterms (m 33 to m 47 ) in which A is a 1 and B is a 0. 

The bottom right block represents minterms (m 4g to m ()3 ) in which A is a l and B is a 1. 

The six-variable map may contain 2-squares, 4-squares, 8-squares, or other 
combinations involving these four blocks. Squares are considered adjacent in (w'o blocks, 
if upon superimposing one block on top of another block, that is, above or beside the first 
block, the squares coincide with each other. Diagonal elements like m ]0 , 
m J4 ; m 29 , m 45 are not adjacent to each other. 
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m 32* m 34* m so ; 
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47* !l 46* m 55* m 54* nl 63* m 


62 


The squares are read by dropping out the variables which change. Some possible 
groupings shown in Fig. 6.11 are as follows. 
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Fig. 6.11 Some possible groupings in a six-variable K-map. 

EXAMPLE 6.21 Reduce the expression 

I m(0, 2, 7, 8, 10, 13, 16, 18, 24, 26, 29, 31, 32, 34, 37, 39, 40, 42, 45, 47, 48, 50, 53, 
55, 56, 58, 61, 63) using mapping. 

Solution 

The given expression in the POS form is 

n M(l, 3, 4, 5, 6, 9, 11, 12, 14, 15, 17, 19, 20, 21, 22, 23, 25, 27, 28, 30, 33, 35, 36, 
38, 41, 43, 44, 46, 49, 51, 52, 54, 57, 59, 60, 62). 

Ihc real minimal expression is the minimal of the SOP and POS forms. 

SOP form 

n l ^* c K-map shown on the following page: 

m 7 only one adjacency m, 9 . It can form a 2-square with m 39 . Read it as BCDEF. 
n h 3 can make a 4-square w r ith m :9 , m 45 , m 6i . Read it as CDEF. 

can make a 4-square with ni 29 , m$ 3 , m^,. Read it as BCDF. 

,ll 5s Cfl n make an 8-square with m 53 , m$,, m 63> m 37 , m 39 , m 45 . m 47 . Read it as ADK 

can make a 16-square with m 2 , m l6 , m )S , m g , m l0 , ni 24 , m 36 , m 32 , m 34 , m 40 , m 42 , 
m S6* m 58 , m 50 , Read it as DF, 
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The minimal expression is, therefore: BCDEF + CDEF + BCDF + ADF + 
inputs). 
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POS form 

In the K-map shown on the following page: 

M t5 has only two adjacencies M, 4 and M n . It can make a 2-square with any one of 

them. Make a 2-square of M 1S , M l4 . Read it as (A + B + C + D + E). 

M 5 can make a 4-square with M 4 , M 20 , M 2I or M,, M !7 , M 2I , Don’t take a decision yet. 

M 4 can be expanded into a 16-square with M 6 , M 12 , M 14 , M 20 , M 22 , M 28 , M 30 , M 36 , 

M 3g , M 46 , M 52 , M S4 , Mjq, and M 62 . Read it as (D + F). 

M, can be expanded into a 16-square with M 3 , M 9 , M n , M ]7 , M i9 , M 25 , M 27 , M 33 , 

M 3j , M 4 |, M 43 , M 49 , M 51 , M 57 , and M 59 . Read it as (D + F). 

Only M 5 , M 2) , and M 23 are left uncovered. M 2l , and M 23 can form a 4-square with 
M 20 , M 22 or with M ]7 , M 19 which are already taken care of. Form a 4-square of M 2) , 

M 2J , M ]7 and M„. Read it as (A + B + C + F). 

Only Mj is left. Make a 4-square, say with M 4 , M 20 , and M 21 . Read it as (A + C + D + E). 

The minimal expression is, therefore: (A + B+ C + D + E)(D +F)(D + F) 

(A + B + C + F) (A + C + D + E) (22 inputs) 
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The POS form is thus less expensive. So the real minimal expression is the POS torm. 



6.10 DON'T CARE COMBINATIONS 

So far, the expressions considered have been completely specified for every combination of 
the input variables, that is, each minterm (maxterm) has been specified as a I or a 0. It 
often occurs that for certain input combinations, the value of the output is unspecified either 
because the input combinations are invalid or because the precise value of the output is of 
no consequence. The combinations for which the values of the expression arc not specified 
are called don’t care combinations and such expressions, therefore, stand incompletely 
specified. The output is a don’t care for these invalid combinations. For example, in Excess-3 


code system, the binary states 0000, 0001. 0010, 1101, 1110, and 1111 are unspecified and 
never occur. These are called don’t cares. Similarly in 8421 code, the binary states 1001 
1010, 1011, 1100, 1101, 1110, and 11)1 are invalid and the corresponding outputs are don’t 
cares. The don’t care terms are denoted by d, X or 0. During the process of design using 
an SOP map, each don’t care is treated as a 1 if it is helpful in map reduction, otherwise 
it is treated as a 0 and left alone. During the process of design using a POS map, each don’t 
care is treated as a 0 if it is useful in map reduction, otherwise it is treated as a I and left 
alone. 

An SOP expression with don’t cares can be converted into a POS form by kcepin’- the 
don’t cares as they are, and writing the missing minterms of the SOP form as the ma t C 
of the POS form. Similarly, to convert a POS expression with don’t cares into an SOP 
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expression, keep the don't cares of the POS expression as they are and write 
-ixtems of the POS expression as the mintemis of the SOP expression. 


missing 


EXAMPLE 6,:: Reduce the expression I m(l, 5, 6, 12, 13, 14) + d(2, 4) and implement 
it in universal logic. 1 

Solution 


g ven expression written in the POS form is n M(0, 3, 7, 8, 9. 10, 11, 15 ) . <j(2 4 ) 
The K-maps in the SOP and POS forms, their reductions and the minimal expressions 
obutned from them are shown below 1 . The POS form is less expensive, because it requires 
ess number of gate inputs (9 compared to 10 required for the SOP form). The 
implementation of the minimal expression using universal logic is also shown. 



EXAMPLE 6.23 Reduce the following expression to the simplest possible POS and SOP forms. 

I m(6, 9, 13, 18, 19, 25, 27, 29, 31) + d(2, 3, 11, 15, 17, 24, 28) 


Solution 

The given expression written in the POS form is 

n M O. 1, 4, 5, 7, 8, 10, 12, 14, 16, 20, 21, 22, 23, 26, 30) • d (2, 3, 11, 15, 17, 24, 28) 

The K-maps, their reductions and the minimal expressions in the SOP and POS forms 
obtained from them are shown below: 
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f = BE + BC D + A BDE 
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A 



f = (D + E)(B + E)(A + B + E){A + B + C) 


6.11 HYBRID LOGIC 

Both SOP and POS reductions result in a logic circuit in which each input signal has to pass 
through two gates to reach the output. It is, therefore, called a two-level logic and has the 
advantage of providing uniform time delay between input signals and the output. But the 
disadvantage is that the minimal expression obtained by either SOP reduction or POS 
reduction may not be the actual minimal. In fact, the actual minimal may be obtained by 
manipulating the minimats of SOP and POS forms into a hybrid form. For example, the 
minimal of the expression £ m(0, 1, 2, 3, 5, 7, 8, 9, 10, 12, 13) in the SOP form is given 

by f = AC + AD + AB + BC (12 inputs). But this can be written as f = A(C + D + B) 
+ BC (9 inputs). 

Also, the expression ABC + ABD + ACD + BCD is in minimum SOP form and requires 
16 inputs. It can, however, be reduced by factoring to: AB(C + D) + CD( A + B) and 
implemented as shown in Fig. 6.12 with 12 inputs. 



f = AB (C + D) ♦ CD(A + D) 

Fig. 6.12 Hybrid logic. 


Figure 6.12 shows that we have reduced the number of inputs from 16 to 12. Note 
however, that the C input to the OR gate must go through three levels of logic before 
reaching the output, whereas the C input to the AND gate must only go through two levels 
This can result in a critical timing problem called logic race. Assume, for example, that each 
gate has a 10 ns delay and that A = 0, B = 0, C = I, and D* 1. Gate G 2 will not AND 
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v:icc \ and B arc zero; gate G 4 will not AND since A + B = 0. Next assume that A a i 
B go high at precisely the same instant when C and D go low. Gate G, will continue to 
provide a 1 to G, for 10 ns after C and D go low because of its propagation delay and 
or that 10 ns ah three inputs to G 2 will be high causing a 10 ns pulse to be outputted In 
G 5 . At the end of this narrow pulse, G, output will go low, blocking G 2 ;- since C and n 

are already 0, G 5 output will go low. Had two-level logic been used, this logic race and its 
resulting pulse would not have occurred. 

m hybrid logic circuits, the input signals will pass through different number of gates to 
reach the output. Even though hybrid logic results in a minimal circuit, it may provide a critical 
timing problem called logic race which results in unwanted narrow pulses. The two-level 
logic is free from logic race. 


Mapping w hen function is not expressed in minternis (maxterms) 

Ou: discussion of mapping suggests that if an expression is to be entered on a K-map, it 
must be available as a sum (product) of minternis (maxterms). However, if not so 
expressed, it is not necessary to expand the expression algebraically into its minterms 
(maxterms). Instead, the expansion into minterms (maxterms) can be accomplished in the 
process of entering the terms of the expression on the K-map. 

For example, let us enter on K-map the expression A BCD + ACD + BC + A 


a) A BCD is minterm m 3 . Enter it as it is. 

tb) ACD corresponds on the K-map to locations where A = C = D = 0 and arc 
independent of B. That is, intersections of rows I and 2 with column I (m 0 and m 4 ). 

1 c ' co responds on the K-map to locations where B = 0, C = 1 and are independent 

ot A and D. That is, intersections of rows 1 and 4 with columns 3 and 4 (m,. m 5 . 
m l0 , and m n ). 

• d A corresponds on the K-map to locations where A = 1 and are independent of B, C, 
and D. That is, complete rows 3 and 4 <m 8 , m„, m )0 , m lh m 12 , m 13 , m l4 , and m l5 ). 

, The entri J on the K_ma P are shown in F 'gs. 6.13a, b, c, and d. The complete mapping 
is shown in Fig. 6.13e. 

As another example, consider mapping the expression (A + B) (A +B + C) (A + C) 
The given expression is in the POS form, where 

fa) (A B) corresponds on the K-map to locations where A = 0 and B = 0, and C 

and D can be a f) or a 1. That is, the entire row I (M 0 , M h M,, and M 3 ). 

i b i (A + B + C) corresponds on the K-map to locations where A = 0, B = 1, and C = 0, 

and are independent of D. That is, the intersection of row 2 with columns, 1 and 2 

(M 4 and M s ). 

(ct lA ~ corresponds on the K-map to locations where A = 0 and C = I, and arc 

independent of B and D. That is, the intersection of rows 1 and 2 with columns 
3 and 4 (M 2 , M 3 , M 6 , and M 7 ). 

Hence the given expression can be mapped as n M(G, l, 2, 3. 4, 5, 2. 3, 6. 7). i.c. 
fl M(0, 1, 2. 3. 4, 5, 6, 7). The mapping is shown in Fig. 6.14.' 
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Fig. 6.13 Mapping of (a) A BCD, (b) ACD, (c) BC. (d) A, and 

(e) A BCD + ACD + BC + A. 
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6.14 Mapping of (A + B) (A + B + C) (A + C). 


6.12 MINIMIZATION OF MULTIPLE OUTPUT CIRCUITS 

So far, we have discussed the minimization of single expressions by the K-map method In 
practice, many logic design problems involve designing of circuits with more than 

A i. I I. 
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output. Wc discuss here the design of such problems using K-maps. The multinlp 
minimization criterion is as follows: 


output 


<1) Each minimized expression should have as many terms in common as nossible with 

those m the other minimized expressions. For this, in addition to separate K ma 

tor each output expression, draw an additional K-map called the shared mintem 

K-map tor the mimerms which arc common to all the output expressions and th™ 
obtain the common terms from it, 

(2) Each minimized expression should have minimum number of product tsumi 

and no product (sum) term of which can be replaced by another product (suml 

term with fewer variables. For this, out of the common terms obtained from the 

''hared mintcrm K-map, select only those terms whose inclusion will result in thr. 
reduction of the overall cost. 


A—-> 

B-■> 

---1 

Combinational logic 

^ - P 




Fig. 6.15 Block diagram of a multiple output circuit. 



For example, consider the multiple output circuit shown in Fig. 6.15 with three 
B, and C, and two outputs f, and f 2 given by 


inputs 


f|(A, B, C) = I m{0, 1, 2, 5, 6, 7) 
f 2 (A, B, C) = I m(2, 4, 5, 6) 


'° h f C ^ n 3 , minimal circui * 10 8=' above outputs. If we design the circuit by 

we may not get the overall 

minimal circuit. Suppose the groupings on the individual K-maps are as shown in Fig. 6.16; 
immal expressions for the outputs would require 15 gate inputs for realization. Here, 

{ im.n = AC - BC + AB (9 inputs); f 2min = AB + BC (6 inputs) 

(Total 15 inputs) 
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f 1m .„ = BC + AB + AC 



Smm ~ AB + BC 


Fig. 6.16 One way of grouping f t and f 2 . 
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An alternative way of grouping the outputs f, and F. is shown in Fig. 6.17. 



f, mm = BC + AB + AC 
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'a*. = AB * BC 


Fig. 6.17 Alternative way of grouping f., and f 2 . 


Now, 

fimin = BC + AB + AC (9 inputs); f 2min = AB + BC (6 inputs) 

(Total 13 inputs because the term BC is common to f lmi _ and f,_ : _) 

As the term BC is present in both the expressions, it can be generated onlv once and 
ulilizeii for generating both the expressions, thus reducing the cost and complexity. The 
realization is shown in Fig. 6.18. So the first step in multiple output minimization is to find 
the common terms and try to utilize them so that the overall cost is reduced. 



Fig. 6.18 Minimal circuit. 


EXAMPLE 6.24 Minimize and implement the following multiple output functions. 

f, = I m(l, 2, 3, 6, 8, 12, 14, 15) 
f 2 = n M(0, 4, 9, 10, 11, 14, 15) 

Solution 

Here f 2 is in the POS form and f| in the SOP form. Express both f t and f, either in the 
SOP form or in the POS form and obtain the minimal expressions. Therefore, in the SOP 
omi, we have 


f t = I m(l, 2, 3, 6, 8, 12, 14, 15); 


f 2 = I m(l, 2, 3, 5, 6, 7, 8, 12. 
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“.rst term a function t with the mintetms common to both the functions ie f = f c 

Therefore, ’ m ‘ f 2- 


f = f, • f 2 = I m(l, 2, 3, 6, 8, 12) 

^ rau K--maps tor f,, f 2 and f and form the minimal expressions for f h f,, and f The 
K-maps and their reductions for f,, f 2 , and f are shown below. 
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fa) f, = ACD + ACD + ABD + 
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(b) f 2 = ACD + ACD + BCD + 



In fj, all the terms off are present. We cannot make any larger square using any of these 

,-rms. In f 2 , out of the three terms of f, A BD becomes part of a 4-square, so, AD is read. 

ACD can also be made part of a 4-square, but it does not reduce the hardware. So it is 
not considered. The circuit with the minimum gate inputs is shown below. 


A 

B 

C 








Don't Care Conditions 

When there are incompletely specified functions, the minterms for the shared map are 
generated by the rules listed in Table 6.1. 
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Table 6.1 Generating minterms for a shared map 


u 

<2 

f = f, f 2 

0 

0 

0 

0 

1 

0 

i 

0 

0 

0 

X 

0 

X 

0 

0 

1 

X 

1 

X 

1 

1 

1 

1 

1 

X 

X 

X 


EXAMPLE 6.25 Minimize the following multiple output functions. 

f, « I m(0, 2, 6, 10, 11, 12, 13) + d(3, 4, 5, 14, 15) 
f 2 = Z m(l, 2, 6, 7, 8, 13, 14, 15) + d(3, 5, 12) 


Solution 

The shared minterm ‘unction generated according to the rules listed in Table 6.1 is 

f = I m(2, 6, 12, 13, 14, 15) + d(3, 5) 


The K*maps for f,, f 2 , and f and their minimization are shown as: 
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(a) f, = AD + BC + AB 
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(b) f 2 = ACD + AD + AC * AB 
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(e) f = AB + ACD 


The shared mintem function has two terms AB and ACD. Out of these two, only 
AB is utilized, because ACD can be merged into a bigger square. 

EXAMPLE 6.26 Find the minimal expressions for the multiple output functions 

f,(X„ X 2 , X 3 , X 4 ) = n M(3, 4, 5, 7, 11 , 13, 15) ■ d(6, 8, 10, 12) 
f 2 (X„ X 2 , X 3 , X 4 ) = FI M(2, 7, 9, 10, 11, 12, 14, 15) • d(0, 4, 6, 8) 
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Solution 


The given expressions are in the POS form. Generate the shared maxtemi function usi 
-he same rules as tor the mintemis. Therefore, Tl ^ 

f = f, • f 2 = n M(4, 7, 10, 11, 12, 15) • d (6, 8) 

The K-maps tor f,, f 2 and f and their reductions are shown below. 
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(a 1 f, - (X 2 + X 3 ){X 3 + X 4 ) (b) f 2 = X 4 (X 2 + X 3 )(X, + X 2 ) 


(c) f - (X 2 + X 3 + X 4 ) 

(X 2 + x 3 + X 4 )(X, + + x 3 ) 


None of the terms of i can be used in the minimal expressions for f, and f, because 
these terms are combined into bigger ones in f, and f 2 . 

The problem may be converted to and solved in SOP form too. 

EXAMPLE 6.27 Minimize the following multiple output functions using K-map. 

fi(Xj, X 2 , X 3 , X 4 = I m(l, 2, 3, 5, 7, 8, 9) + d(12, 14) 

f 2 (X t , X 2 , X 3 , X 4 )= I m(0, 1, 2, 3, 4, 6, 8, 9) + d(I0, 11) 

f j( X i» X 2 , X 3s X 4 ) = I m(l, 3, 5, 7, 8, 9, 12, 13) + d(J4, 15) 

Solution 

The shared mimerm function generated according to the rules listed in Table 6.1 is 

f(Xj, X 2 , X 3 , X 4 ) = f t ■ f 2 • f 3 = I m(l, 3, 8, 9) 

The K-maps for f,, f 2 , f 3 , and f and their minimal expressions are shown below. 
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(b) f 2 = x 2 + x,x 4 
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(c) f 3 = X,X 3 + X,X 4 


\X,X 4 

X 1 X 2\ 00 01 11 10 


0 


3 

2 


ii 



4 

5 

"7 

6 

12! 

13 

15 

14 

a 

9 

11 

_ 

10 

1 

1 

ii - i 

_ 


(d) f = X,XjX 3 ♦ X,XjX 4 


None of the terms in the minimal expression of the shared map is useful for overall 
reduction. However, we can see that X,X 4 is common to fj and f 3 . 


6.13 VARIABLE MAPPING 

Variable mapping is a powerful and useful tool that can be used in a wide variety of 
problems. The design of sequential circuits is greatly simplified by this technique. Variable 
mapping can also be used to minimize Boolean expressions, which involve infrequently used 
variables. If properly used, it can reduce the work required for plotting and reading maps. 
It allows us to reduce a large mapping problem to one that uses just a small map. This 
technique can reduce the map size for 3, 4, 5, 6, 7, and 8 variable maps. It is especially 
useful in those problems which have a >ew isolated variables among more frequently used 
variables. Consider the equation 

f = ABC + ABC + ABC + ABC + ABCD 

Normally, this would be a four-variable problem. Notice that the variable D is used only once 
whereas variables A, B, and C are used many times. Using variable mapping, we can make 
it a three-variable problem. Assuming this to be a three-variable problem in A, B, and C, we 
have 

f = m 0 + m, + m 2 + m 3 + m 6 D 

For mapping such a function, put a 1 on the map where a minterm appears and a 0 (or 
no entry) where it does not. Since each 1 represents a minterm, the entry 1 ■ D represents 

the minterm multiplied by D. In fact, each 1 entered onto the map represents D + D, 

because if it were to be treated as a four-variable problem instead ot a three-variable one, 

each term in the function is to be multiplied by (D + D) = 1 to convert it to the standard 
SOP form. For minimization, we must cover each of the individual variables. We can make 

a 4-squarc of mintemis m<,, m !( m 2 , and m 3 [covering (D + D) of all the terms] and can 

read it as usual as A(D + D) = A. We can also make a 2-square of the D in m 6 and D 

in (D + D) of nii and read it as (BC)D = BCD. This yields 

f . = A + BCD 

nun 


as shown in Fig. 6.19. 
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8C 

X 00 01 11 tO 
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D 


f = ABC + ABC + ABC 
+ ABC + ABCD 
(a) Original map 


BC 

X oo oi n io 







[D ♦ D 

D ♦ D 

D + D 

D 

+ D 




D 



= A + BCD 
(b) Groupings 


Fig. 6.19 Variable mapping. 


Note that the D in m 2 is covered twice. However, our objective is to cover all the 
variables at least once. • ’ ^ t h,* Tii 


EXAMPLE 6.28 Reduce by mapping: 

f = ABCD + A BCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
+ ABCD + ABCD 

Solution 

Although this is a four-variable problem, it can be treated as a three-variable one and plotted 

on a three-variable K-map and reduced as shown below. Thus, the three-variable problem 
in A, B, C would be: 


f m,(D + D) + m 6 (D + D) + m ? (D + D) + m s D + m 3 D + m 2 D + m 4 D 
Note that ail parts of 1(D + D) must be covered. 


\B' 
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C 

00 
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Original map 


sBC 

aX 00 01 11 to 
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D 

+ D 

151 i 

D 


1 

D 

5 


D + D 

D 



Groupings 


_ _^ s seen ^ rom the R-maps, the D’s of m, and m 5 form a 2-square which is read as 

BC D I he D s of m, and m 3 form a 2-square which is read as A CD. The D’s of m 4 and 

.-square which is read as ACD. I he D's of m 2 and m 6 brni a 2-squarc which 

:s read a-, BCD. The m, and m 6 arc fully covered. Also, m 7 can be combined with to 
form a 2-square which is read as AB. So, the reduced expression is 

f - ACD + BCD + ACD + BCD + AB 
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EXAMPLE 6.29 Reduce by mapping: 

f - ABC + A BCD + A BCE + A BCE + ABC + ABC + ABCD 

Solution 

Although this is a five-variable problem, it can be treated as a three-variable one and plotted 
on a three-variable K-map and then reduced as shown below. 

The given function in three-variable form may be expressed as 

f = m 0 + m,D + m 3 E + m 2 E + m 5 + m 7 + m ( ,D 


vBC 

A 00 01 11 10 
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1 

D 


~~E 
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1 

m 

B 


K-map 


As seen from the K-map, 

D of m, forms a 2-square with D present in m 0 which is read as A BD. 

E of m 2 forms a 2-square with E present in which is read as A CE. 

E of m 3 forms a 2-square with E present in m 7 which is read as BCE. 

D of forms a 2-square with D present in m 7 which is read as ABD. 

A minterm is said to be fully covered, only when at least any one ot the variables as 

well as its complement are covered, Only D and E of m 7 are covered. So, m 7 is not fully 

covered. Also, m s is not covered at all. So, make a 2-square with m 5 and m 7 which is read 
as AC. 

All parts of m 0 are not covered. Only D and E ot m 0 are covered and cannot also 
be combined with any other minterms. So, it appears in the reduced expression. 

From the K-map, the reduced expression is 

f = AC + ABD + BCE + ABD + ACE + ABC 


EXAMPLE 6.30 Reduce by mapping: 

f = A BCE + A BC + ABCF + ABC + ABCD + ABC F 

Solution 

Although this is a six-variable problem, it can be treated as a three-\ ariablc one and plotted 
on a three-variable K-map and then reduced as shown below. 



K-map 
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. lie given function may be expressed in three variable form as 

t = m 0 E + m, + m 2 + m 3 F + m s D + m fe F 

Here m, is not fully covered, because only D and E of m, are covered. So it will appear 

thc expression. The m 2 is fully covered because both F and F of it are covered 
Sc. it will not appear in the final expression. 

From the K-map the reduced expression is, therefore, given by 

f " A BE + BCD + BCF + ABF + ABC 
EXAMPLE 6.31 Reduce by mapping; 

f = A BCD + ABCDE + A BCD + A BCDE + ABCDF + ABCDE + A BCD 
+ ABC D + ABCDE + ABCD + ABCDE + ABCD + ABCDE + ABCDF 

Solution 

Although this is a six-variable problem, it can be treated as a four-variable one and plotted 
on a four-variable K-map and then reduced as shown below. 
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K-map 

Expressed as a four-variable problem, we have 

f * “o + m t E + m 2 + m 3 E + m 5 F + m 6 E + m 7 + m 8 + m 9 E + 
+ m l2 + m, 4 E + m 15 F 


m io + m u E 


- ,s f Ul l> cohered because it combines with F and F; likewise, m 2 and arc 

also fully covered because each one of them combines with E and E. The E’s of m, and 

m, form a 4-square with the E’s present in m 0 and m g . The E’s of m 3 and m n form a 

4-square with the E s present in m 2 and m ]0 . The E’s of m 6 and m (4 form a 4-square with 

’he c, present in m 2 and rn| 0 . Now m 0 is not fully covered, because E of this is not used. 
So, form a 4-square with m 0 , m 2 , m 8 , and m l0 . 

From the K-map, the reduced expression is, therefore, obtained as 

f = ABDF + BCE + BCE + CDE + BCDF + AC D + BD 
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incompletely Specified Functions 

The procedure used lor previous don t care problems has to be modified only slightly to 
accommodate variable mapping. Suppose a four-variable problem is treated as a three- 
variable (A, B, C) one and entered on a tlnec-variable K-map. Each 1 in the three-variable 

map represents that the corresponding minterm is multiplied by (D + D). In fact, it may 

be entered as a I or (D + D), If this minterm is a don’t care, it is entered as XD + XD 

or simply as X. Suppose the term is ABCD. It is entered as a D in the cell for m 7 (ABC’D 

= m 7 D). If ABCD is a don’t care, it is entered as an XD in the cell for m 7 . Similarly, when 
a five-variable problem is treated as a three-variable one, each 1 on the map represents the 

corresponding minterm multiplied by (D + D) (E + E). If it is a don't care, it contains the 

terms XD, XD, XE, and XE. I hese don’t cares may or may not be covered. They should 
be used to make 2" squares when covering other do care terms. Any minterm is considered 
to be completely covered only if any of its variable plus its complement present in that 
minterm arc both covered. Other variables can be covered partially or fully, if required or 
not covered at all. 

EXAMPLE 6.32 Reduce by mapping; 

f = ABC + ABCD + ABCD + ABCD + ABCE + ABCE + d(ABCD + ABCE) 
Solution 

1 he given problem is actually a five-variable one. Treating it as a three-variable one, we get 

f = m 0 + m,D + m 2 D + m 4 D + lm 7 E + m 7 E + d(m 5 D + m 5 E) 

It is mapped onto a K-map and reduced as shown below. 


X oo oi 11 10 
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‘D 


XD + XE 

E + E 



f = BD + ACD +ABC 


lie D’s of m, and m 4 form a 4-square with the D present in m 0 and the XD of in 5 . 
The D of m 2 combines with the D present in m 0 to form a 2-square. So, m 0 is fully 
covered. The E of m 7 can combine with the XE of m 5 . This is not done, because there is 
no way to combine the E of ni 7 with anything else, and so, m 7 has to appear in the final 
expression. From the K-map, the reduced expression is, therefore, obtained as 

f= BD + ACD + ABC 



































194 Fundamentals of Digital Circuits 

EXAMPLE 6.33 Reduce by mapping: 

T = °V» + m,F + m 2 + m 4 E + m 6 (E + E) + m 7 F + m l0 E + 

+ d(m 5 F + m g F + m,,E + m s E) 

Solution 

■ problem is actually a six-variable one. The ibur-variable K- 

minimization are shown below. 


m t2 + m l5 F 


map and its 



The minterm m 6 contains E * E. Its E is used to make a 4-square with the E’s of itiq, 
m : . and m 4 . Since m 6 is not fully covered, it is combined with m 2 to make a 2-square. The 
E of m l2 can be combined with the E’s of m^, m 4 , and m g but this is not done because 
cannot be fully covered by this operation. So, m l2 has to be read anyway. The minterm 
m, is not fully covered, Only E of it is used. So, combine it with m 2 to form a 2-square. 
From the K-map, the reduced expression is, therefore, obtained as 

f =* BDE + A DE + A BD + A CDF + BCDF + ABC D + ACD 

6.14 MISCELLANEOUS EXAMPLES 

EXAMPLE 6.34 Design an SOP circuit that will output a 1 when the Gray codes 5 through 
1_ appear at the inputs, and a 0 for all other cases. Also, implement it in the NAND logic. 

Solution 

The -pm is a 4-bit Gray code. Let the input Gray code be ABCD. There are 16 possible 
combinations ot 4-bit Gray code. The truth table of the SOP circuit is shown below. 


Decimal 

number 

4-bit Gray code 
ABCD 

Output 

Decimal 

number 

4-bit Gray code 
ABCD 

Output 

0 

0 0 0 0 

0 

8 

110 0 

1 

1 

0 0 0 1 

0 

9 

110 1 

1 

2 

0 0 11 

0 

10 

1111 

1 






Contd. 
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Contd. 


3 

0 0 10 

0 

11 

1110 

1 

4 

0 110 

0 

12 

10 10 

1 

5 

0 111 

1 

13 

10 11 

0 
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0 10 1 

1 

14 

10 0 1 

0 

7 

0 10 0 

1 

15 

10 0 0 
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The K-map, its minimization, the minimal expression and its logic diagram in NAND 
logic are shown below. 



f min = BC ♦ BD + ACD 
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NAND logic 



EXAMPLE 6.35 A circuit receives a 4-bit 5211 BCD code. Design the minimum SOP 
circuit to detect the decimal numbers 0, 2, 4, 6, and 8. 


Solution 

I he input is a 5211 BCD code. Let it be ABCD. It is a 4-bit input. Therefore, there are 16 
possible combinations of inputs, out of which only 10 combinations are used to code the 
decimal digits. The remaining 6 combinations 0010, 0100, 0110, 1001, 1011, and 1101 arc 
invalid because they do not belong to 5211 code. So, the corresponding outputs arc don t 
cares. The truth table of the SOP circuit is shown below. 


Decimal 5211 Code Output 
number ABCD 

0 0000 1 

1 0001 0 

2 0 0 1 1 1 

3 0 10 1 0 

4 0 111 1 


Decimal 5211 Code Output 
number A B C D _ 

5 To 0 0 0 

6 10 10 1 

7 110 0 0 

8 1110 1 

9 1111 0 


The problem may be stated as 

f = I m(0, 3, 7, 10, 14) + d(2, 4, 6, 9, 11, 13) 

The K-map, its minimization, and the realization of the minimal expression in NAND 






































































































* 96 Fundamentals of Digital Circuits 
iogic are shown below. 


f"rnin AD + AC + CD — AD' AC • CD 



EXAMPLE «J« The inputs to a computer circuit arc the 4 bits of the binary number 
tmid ' C ' rCU " ' S reqU ' red 10 Pr0d “ CC 3 ' ifand °"' y ' f a " 0f,hc followin « conditions 

1. The MSB is a 1 or any of the other bits arc a 0. 

2. A 2 is a 1 or any of the other bits are a 0. 

3. Any of the 4 bits arc a 0. 

Obtain a minimal expression. 

Solution 

From the statement, the Boolean expression must be in the POS form given by 

f - (Aj + A. 2 + A, + A 0 ) (A 3 + A 2 + A, + A 0 ) (A 3 + A 2 + A, + A 0 ) 

where each non-complemented variable represents a I and the complemented variable a 0. 
5ince A - a - X, the minimal expression is given by 

f m.n - (Aj *2 + A, + A 0 ) (Aj + A 2 + A, + A 0 ) {Aj + A 2 + A, + A 0 ) 

(A 2 + A i + A 0 ) {A j + A i + A 0 ) 

- (A 2 A 3 + A, + A 0 ) 

EXAMPLE 6J7 Design each of the following circuits that can be built using AOI logic and 
outputs a 1 when: 

(a) A 4-bit hexadecimal input is an odd number from 0 to 9 

( b) A 4'bit BCD code translated to a number that uses the upper right segment of a 
seven-segment display. 
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Solution 

(a) The output is a 1 when the input is a 4-bit hexadecimal odd number from 0 to 9. 
There are 16 possible combinations of inputs, and all are valid. The output is a 1 
only for the input combinations 0001, 0011, 0101, 0111, and 1001. For all other 
combinations of inputs, the output is a 0. The problem may thus be stated as f = 
£ m(l, 3, 5, 7, 9). The K.-map, its minimization, and the realization of the minimal 
expression in AOI logic are shown below. 




Log»c diagram 


(b) We see from the figure below that display of digits 0, 1,2, 3, 4, 7, 8, and 9 requires 
the upper-right segment of the seven-segment display. Since the input is a 4-bit 
BCD, inputs 1010 though 1111 are invalid, and therefore, the corresponding outputs 
are don’t cares. The problem may be stated as 

f = X m(0, 1, 2, 3, 4, 7, 8, 9) + d(10, 11, 12, 13, 14, 15) 

0 / 3 4 5 5 7SS 

01 2 3 45 6 39 

Seven-segment display 

The K-map, its minimization, and the realization ot the minimal expression using AOI 
logic are shown below. 




Logic diagram 
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EXAMPLE 6.38 A staircase light is controlled by two switches, one is at the ton n f.i 
stairs and the other at the bottom of the stairs. lc 

(at Make a truth table for this system, 
ib) Write the logic equation in the SOP form. 

(c) Realize the circuit using AOI logic. 

id Realize the circuit using minimum number of (i) NAND gates, (ii) NOR gates 
Solution 


Le. the switches be S t and S 2 . A staircase light is ON only when one of the switches is 

ON. It is OFF when both the switches are ON, or when both the switches are OFF. The 
truth table and the AOI logic diagram are shown below. 


Truth table 


Inputs 

Output 

s, 

S; 

f 

0 

0 

u 

0 

1 

1 

1 

0 

1 

1 

1 

0 



AOI Logic diagram 


The logic diagrams using NAND gates 
_The given operation is XOR of S 
+ SjS 2 . 

NAND logic 


and NOR gates, respectively, are also shown below, 
i and S 2 . Therefore, the logic equation is f = S,S 2 

NOR logic 


SjS 2 + SjS 2 + $| S j + s 2 s 2 
= S,(S, + S 2 ) + S 2 (S; + S 2 ) 


f Sj S 2 + S tS 


l J 2 


= s, S 2 + s, s 


I °2 


- s> + S, + S, + S- 


= S.fS.Sj) + S 2 (S,S 2 ) 

— Sj • (S| • S 2 ) • S 2 • (Sj ■ S 2 ) 


= (S, + S 2 )(S 2 + Sj) + (S, + S 2 )(S, + S,) 

" sT+ S, . s 2 + s, + s, * s 2 

Sj +■ Sj + S 2 + S 2 + S| "t“ S 2 




EXAMPLE 4.39 Design a combinational circuit that accepts a 3-bit BCD number and 
generates an output binary number equal to the square of the input number. 
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Solution 

The square of a 3-bit number is a 6-bit number. 'I he truth table of the combinational circuit 
is shown below. 


Truth table 



Inputs 




Ouputs 




A 

B 

c 

*6 

*5 

x 4 : 

Xa 

*2 

X, 

0 

0 

0 

0 

0 

o 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

1 

0 

1 

0 

0 

0 

0 

1 

0 

0 

0 

1 

1 

0 

0 

1 

0 

0 

1 

1 

0 

0 

0 

1 

0 

0 

0 

0 

t 

0 

1 

0 

1 

1 

0 

0 

1 

1 

1 

0 

1 

0 

0 

1 

0 

0 

1 

1 

1 

1 

1 

0 

0 

0 

t 


The minimal expressions for the outputs as seen from the table are: 

X, = ABC + ABC + ABC + ABC = C 
X 2 = 0 

X 3 = ABC + ABC f BC 
X 4 = ABC + ABC = C(A © B) 

X 5 = ABC + ABC + ABC = A(B + C) 

X 6 = ABC + ABC = AB 

A logic diagram can be drawn based on the above equations. 

EXAMPLE 6.40 A safe has 5 locks v, w, x, y, and z; all of which must be unlocked for 
the safe to open. The keys to the locks are distributed among five executives in the 

following manner. 

Mr. A has keys for locks v and x. 

Mr. B has keys for locks v and y. 

Mr. C has keys for locks w and y. 

Mr. D has keys for locks x and z. 

Mr. E has keys for locks v and z. 

(a) Determine the minimal number ol executives required to open the safe. 

(b) Find all the combinations of executives that can open the safe; write an expression 
f(A, B, C, D, E) which specifies when the safe can be opened as a function of 

what executives are present. 

(c) Who is the essential executive? 
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Solution 

The tollou ‘ng table indicates the executives and the locks they can open 


Executive 

Keys for locks 
v w x y z 

Mr. A 

• * 

Mr. B 

• m 

Mr. C 

• * 

Mr. D 

• • 

Mr. E 

• * 


A e see that the key for lock w is only with Mr. C. So, Mr. C is the essential executive 

w ithout whom the safe cannot be opened. Once C is present, he can open lock y too As 

seen trom the table, the remaining locks v, x, and z can be opened by A and D or A and 

E or B and D or D and E. So the combinations of executives who can open the locks ire 
CAD or CAE or CBD or CDE, 

The Boolean expression corresponding to the above statement is 

f(A, B, C, D, E) = CAD + CAE + CBD + CDE 
The minimal number of executives required is 3. 

EXAMPLE 6.41 You are presented with a set of requirements under which an insurance 
policy can be issued. The applicant must be: 

1. a married female 25 years old or over, or 

2. a female under 25, or 

3. a married male under 25 who has not been involved in a car accident, or 

4. a married male who has been involved in a car accident, or 

5. a married male 25 years or over who has not been involved in a car accident. 

Find an algebraic expression which assumes a value 1 whenever the policy is issued. 
Simplify the expression obtained. 

Solution 

Let ti e variables w, x, y, and z assume the truth value in the following cases. 

w = 1, if the applicant has been involved in a car accident, 

x = 1, if the applicant is married, 

y = 1, if the applicant is a male, 

z = 1, if the applicant is under 25. 

policy can be issued when any one of the conditions 1, 2, 3, 4, or 5 is met. The 
.or::- ' 2. 3, 4. and 5 are represented algebraically by xyz, yz, xyzw, xyw, xyzw. 

Therefore, 

f(w, x, y, z) = xyz + yz + xyzw + xyw + xyzw 

= xywfz + z) + xyw + y( z + xz ) 
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= xyw + xyw + y(z + z) (z + x) 

= xy(w + w) + y( z + x) 

= xy + xy + yz 
= x(y + y) + yz 

= x + yz 

So the policy can be issued it the applicant is either married or is a female under 25. 

EXAMPLE 6.42 An air-conditioning unit is controlled by four variables: temperature T, 
humidity H, the time of the day D, and the day of the week W. The unit is turned on under 
any of the following circumstances. 

1. The temperature exceeds 78 1 ', and the time of the day is between 8 a.m. and 5 p.m. 

2. The humidity exceeds 85%, the temperature exceeds 78° F, and it is a weekend. 

3. The humidity exceeds 85%, the temperature exceeds 78° F, and the time of day 

is between 8 a.m. and 5 p.m. 

4. It is Saturday or Sunday and humidity exceeds 85%. 

Write a logic expression for controlling the air-conditioning unit. Simplify the expression 
obtained as far as possible. 

Solution 

Define the variables: 

(a) T = 1, if the temperature exceeds 78° F. 

(b) H = 1, if the humidity exceeds 85%. 

(c) D = I, if the time of the day is between 8 a.m. and 5 p.m. 

(d) W = 1, if it is weekend, i.e. Saturday or Sunday. 

The circumstances 1, 2, 3, and 4, respectively, are then given algebraically as, TD, 
HTD, HTW, and WH. Therefore, the Boolean expression for turning on the machine is 

f = TD + HTD + HTW + WH 

= TD(1 + H) + HW(1 + T) = TD + HW 

So the air-conditioning unit is turned on, if the temperature exceeds 78° F and the time 
of the day is between 8 a.m. and 5 p.m, or if it is a weekend and humidity exceeds 85 zb. 

EXAMPLE 6.43 Five soldiers A, B, C, D, and E volunteer to perform an important military 
task if their following conditions are satisfied. 

1. Either A or B or both must go. 

2. Either C or E but not both must go. 

3. Either both A and C go or neither goes. 

4. If D goes, then E must also go. 

5. If B goes, then A and C must also go. 
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. e vana *> Ies A, B, C, D, and E, so that an unprimed variable will mean that .u 
corresponding soldier has been selected to go. Determine the expression which sneeif * 
combinations ot volunteers who can get the assignment. P ,CS thc 

Solution 

Analyzing the problem to perform the task, the first condition is, either A or B or both must 

go. I 

Cttse 7 Suppose A goes, then according to condition 3, C must also go. If C goes th * 
according to condition 2 , E cannot go. Then according to condition 4 when E is not PointT 

1 also cannot go. So D docs not go. So A and C can go to perform the task. 8 ’ 

i ase 2 \\ hen B goes, according to condition 5, A and C must go. When C goes E cannot 

go. and when E cannot go, D also cannot go. So, the second combination of soldiers who 
can perform the task is ABC. 00 

C U ben both A and B 8°» c has t0 go. When C goes, E and therefore, D cannot 

go, inis ts the same as the second combination ABC, 

lask S Therefo°r" C ' USi0n “ A ““ C ' ° r A ' 8 and C can g0 and pcrform ,he "“'ituy 

f = AC + ABC 
= AC (1 + B) = AC 

So, the minimal combination of soldiers who can get the assignment is A and C. 

EXAMPLE 6.44 A circuit receives a 4-bit exccss-3 code. Design a minimal circuit to detect 
the decimal numbers 0, 1, 4, 6, 7, and 8. 

Solution 

The input is a 4-bit excess-3 code. There are 16 possible combinations of 4-bit inputs. Out 

of these 10 combinations represent valid excess-3 code. The remaining 6 arc invalid. 

Hence, the corresponding outputs are don’t cares. For a minimal design, we find the 

minimum • _ t*OS form and then we take the minimal of these two 

mimmums. The Boolean expression in terms of minterms is 

f = I m(3, 4, 7, 9, 10, II) + d(0, 1, 2, 13, 14, 15) 

The truth table is shown below. 

Truth table 




4-bit excess-3 

A B C D 

Decimal 

number 

Output 

4-bit excess-3 

Decimal 

number 

Output 

A 

B 

c 

D 

0 

0 

1 

1 

0 

1 

1 

0 

0 

0 

5 

0 

0 

1 

0 

0 

1 

1 

1 

0 

0 

1 

6 

1 

0 

1 

0 

1 

2 

0 

1 

0 

1 

0 

7 

1 

0 

1 

1 

0 

3 

0 

1 

0 

1 

1 

8 

1 

0 

1 

1 

1 

4 

1 

1 

1 

0 

0 

9 

0 
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The K-maps in the SOP and I OS forms, their minimization, the minimal expressions 
obtained from each and the actual minimal circuit in the NOR logic arc all shown below. 



2 

X 

6 

X 

14 

i 

1C 


CD 

AB \ 00 01 11 10 


00 

01 

11 

10 


0 

X 

X 1 

3 

i 

X 

4 


0 

5 

7 


0 

6 



12 


X 

a 

1 > 

15 

X 


X 

u 


0 

8 

& 

11 

10 

_ 
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Logic diagram 


EXAMPLE 6.45 Design a minima! circuit to produce an output of 1, when its input is a 
2421 code representing an even decimal number less than 10. 

Solution 

For a 2421 code, the input combinations 0101, 0110, 0111, 1000, 1001 and 1010 are invalid 
and the corresponding outputs are don’t cares. The Boolean expression for this problem is 

f = I m(0, 2, 4, 12, 14) + d(5, 6, 7, 8, 9, 10) 

The truth table is shown below. 


Truth Table 


Decimal 

number 


2421 

code 

Output 

Decimal 

number 


2421 

code 


Output 

A 

B 

C D 

A 

B 

C 

D 

0 

0 

0 

0 0 

1 

5 

1 

0 

1 

1 

0 

1 

0 

0 

0 1 

0 

6 

1 

1 

0 

0 

1 

2 

0 

0 

1 0 

1 

7 

1 

1 

0 

1 

0 

3 

0 

0 

1 1 

0 

8 

1 

1 

1 

0 

1 

4 

0 

1 

0 0 

1 

9 

1 

1 

1 

1 

0 


The K-maps in SOP and POS forms, their minimization, the minimal expressions 
obtained from each, and the logic diagram based on the real minimal expression arc a 
shown below. In this case, both the SOP and POS minimal forms are the same. 


CD 


AB 


00 01 11 10 


00 


01 


11 


1 

0 

i 

3 


-5 

1 

1 

4 

A 

X 

T 

X 


6 

X 

1 

n 

13 

15 


14 

1 

X 

a 

a 

X 

11 


•toi 

X 



U = D 


f 

'mm 




Logic diagram 
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t \ VMPLF 6.46 \ s \ 4 A.A, is an 8421 BCD input to a logic circuit whose output is a | 

u hen O* A 4 = 0 and A, = 1, or when A s = 0 and A 4 = 1. Design the simplest possible 
logic circuit. 

Solution 

Denote the non-complemented variable by a 1 and the complemented variable by a 0. The 
equation for the output is 

f= A g A 4 A, + A 8 A 4 

Now expand it to get it in the standard SOP form. Therefore, 

f = A 8 A 4 A 2 (A, + A,) + A 8 A 4 {A 2 + A 2 ) (A, + A,) 

= 001X + 01XX 

= 0010 + 0011 + 0100 + 0101 + 0110 + 0111 
= I m(2, 3, 4, 5, 6, 7) 

The input is a 4-bit BCD. So there are 6 invalid combinations (10, 11, 12, 13, 14, 15) 
and the corresponding outputs are don’t cares. So, the Boolean equation is 

f = I m(2, 3, 4, 5, 6, 7) + d(10, 11, 12, 13, 14, 15). 

Obtain the minimal expressions in SOP and POS forms and implement the minimal of 

i ese minimals. The K-maps in SOP and POS forms, their minimization, the minimal 

expressions obtained from each, and the logic diagram based on the minimal expression are 
all shown below. 




Logic diagram 


EXAMPLE 6,47 Make a K-map of the following expression and obtain the minimal SOP 
and POS forms. 

AB + AC + C + AD + ABC + ABC 


Solution 

Obtain the expression in the standard SOP form and minimize it. The expression can 
also be expanded directly on the K-map. Each of the terms can be directly mapped as 

shown below. 
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AB = ABXX (1 I X X) A — 1, B = 1; C and D can be a 0 or a 1, i.e. the entire 
third row (m ( 2 » m tu m i4’ an ^ m is)- 

* C _ AXCX(1 X 0 X) —* A = 1 , C = 0; B and D can be a 0 or a 1, i.e. the 
intersections of the third and fourth rows with the first and second columns (m 8 , m 9 and 

mi2> tnjj)- 

/-• - XXCX (XX 1 X) —> C = 1, A, B, and D can be a 0 or a 1, i.e. the entire third 
and fourth columns (m 2 , m 3 , m 6 , m 7 and m 10 , m n , m 14 , m 15 ). 

AD - AXXD (1 XX 1) —» A = 1, D = 1; B and C can be a 0 or a 1, i.e. the intersection 

of the third and fourth rows with the second and third columns (m 9 , m,, and m !3 , m ]5 ). 

ABC = ABCX (1 0 1 X) A = 1, B = 0, C = 1; D can be a 0 or a 1, i.e. the 

intersection of the fourth row with the third and fourth columns (m i0 and m u ). 

ABC = ABCX (1 1 1 X) A = l, B = 1, C = 1; D can be a 0 or a 1, i.e. the intersection 
of the third row with the third and fourth columns (m )4 and m l5 ). 

The K-maps, the minimal SOP and POS expressions, and the logic diagram are shown 
below. Both the SOP and POS forms give the same minimal expression. 
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Logic diagram 


EXAMPLE 6.48 A lawn sprinkling system is controlled automatically by certain 
combinations of the following variables. 


Season (S = 1, if summer; 0, otherwise) 

Moisture content of soil (M = 1, if high* low) 

Outside temperature (T — 1, it high; 0, if low) 

Outside humidity (H = 1, if high; 0, it low) 

The sprinkler is turned on under any of the following circumstances 

1. The moisture content is low in winter. 

2. The temperature is high and the moisture content is hw 

3. The temperature is high and the humidity is high in summer 

4. The temperature is low and the moisture content k >w 

5. The temperature is high and the humidity is low. 
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Use a K-nup to find the simplest possible logic expression involving the variables S, M T 
and H for turning on the sprinkler system. 

Solution 

V v gi\en circumstances 1, 2, 3, 4, and 5 are expressed in terms of the defined 

variables S. M, l\ and H as MS, TMS, THS, TMS, and TH, respectively 
The Boolean expression is 


SM + SMT + STH + SMT + TH 
= 00XX+ I 0 I X + I X II + I 00X + XXI 0 

The expressions in terms of minterms and maxterms arc 

I m (0, 1, 2, 3, 6, 8, 9, 10, 11, 14, 15) 

0 M(4, 5, 7, 12, 13) 

v K-rnaps in the SOP and POS forms, their minimization, the minimal expressions 
obtained from each, and the logic diagram in the SOP form are all shown below. Both the 
SOP and POS forms give the same minimum. 



6.15 QUINE’McCLUSKY METHOD 

be minim zation o! Boolean expressions using K-maps is usually limited to a maximum of 
six variables. The Quine-McClusky method, also known as the tabular method, is a more 
systematic method of minimizing expressions of even larger number of variables. This is 
suitable for hand computation as well as computation by machines. 

Fhe fundamental idea on which this tabulation procedure is based is that, repeated 

application of the combining theorem PA + PA = P (where P is a set of literals) on all 
adjacent pairs of terms, yields the set of all prime implicants, from which a minimal sum 
may be selected. 

Consider the minimization of the expression 

I m(0, 1, 4, 5) = A BC + A BC + ABC + ABC 
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fhe first two terms, and the third and fourth terms can be combined to yield 

A B(C + C) + AB(C + C) = A B + AB 


This expression can further be reduced to 

B(A + A) = B 


In the first step, we combined two pairs of adjacent terms, each of 3 literals per term, 
into two terms each o j two literals. In the second step, these two terms are combined again 
and reduced to one term of a single variable. 

The same result can be obtained by combining m 0 and m 4 and m, and m 5 in the first 

step and the resulting terms in the second step. Minterms m 0 (A BC) and m,(A BC) are 

adjacent to each other because they differ in only literal C. Similarly, minterms m 4 (ABC) 

and m s (ABC) are adjacent to each other because they differ in only one literal C. Minterms 

m 0 (ABCi and m 5 (ABC) or m,(ABC) and m 4 (ABC) cannot be combined, being not 

adjacent to each other since they differ in more than one variable. II' we consider the binary 

representation of minterms, m o (0 0 0) and m,(0 0 1), i.e. 0 0 0 and 0 0 1, they differ in 
only one position. When combined they result in 0 0 - i.e. variable C is absorbed. Similarly, 
m 4 (l o 0) and m 5 (l 0 I), i.e. I 0 0 and 1 0 1 differ in only one position. So, when 

combined, they result in 10 Now 0 0 - and I 0 - can be combined because they differ 

in only one position. The result is a - 0 

For the binary representation of two minterms to be different in Just one position, it is 
necessary (but not sufficient) that the number ot Is in those two minterms differ exactly 
by one. Consequently, to facilitate the combination process, the minterms are arranged in 
groups according to the number of Is in their binary representation. 

The procedure for the minimization of a Boolean expression by the tabular method may, 

therefore, be described as below. 


1. Arrange all minterms in groups of the same number of Is in t eir inary 
representation. Start with the least number of Is group an continue wit 
groups of increasing number of Is. The number ot Is in a term is ca e 

index of the term. 

2. Compare each term of the lowest index group with every term in the succeeding 

group. Whenever possible, combine the two terms being compared by means of the 
combining theorem. Repeat this by comparing each term in a group o in l.x / _ 

every term in the group of index / + I, until all possible applications ot the 

combining theorem have been exhausted. 

Two terms from adjacent groups arc combinable, if their hinury represen a" 
differ by just a single digit in the same position; the combined terms eons,s.o, .he 

origina! fixed representation with the ^ bi „ed with at least one 

:r ( e™, r ,\c™ may S 3T-1- -s, but onty a singte eheeh is 

required). 


3, Comnniv flit- 


4 . k i h \ . 1 d ■ . t J « 
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- 0 & fundamentals of Digital Circuits 


generate a new term. Continue the process until no further combinations are 
possible The remaining unchecked terms constitute the set of prime implicants of 
the expression. They are called prime implicants because they arc not covered by 
any other term with fewer literals. 

The Decimal Representation 

’'he tabulation procedure can be further simplified by adopting the decimal code for the 
m interms, rather than the binary' representation. Two min terms can be combined, only if 
they differ b\ a power of 2; that is, the difference between their decimal codes is 2*. The 
combined term consists of the same literals as the minterms with the exception of the 
variable whose weight is 2\ being deleted. For example, minterms m 0 (0000) and m s 
1000) differ by 8 = 2\ So, they can be combined and the combined term can be written 
as 0. S (8), :nstead of - 0 0 0. The 8 in the parentheses indicates that the variable A whose 
weight is 8 can be deleted. 

The condition that the decimal codes of two combinable terms must differ by a power 
of 2 is necessary but not sufficient. The terms w'hose codes differ by a power of 2. but 
which have the same index cannot be combined, since they differ by more than one 
v unable. For example 2 and 4, 2 and 8, 4 and 8, 10 and 12, etc. cannot be combined. 
Similarly, if a term with a smaller index has a higher decimal value than another term whose 
inoex is higher, then the two terms cannot be combined although they may differ by a 
P°w-er of 2; for example, minterms 9 and 7, 17 and 13, 20 and 19, 25 and 23, etc. cannot 
!'c combined although they difier by a power oi 2. Except for the above phenomenon, the 
tabulation procedure using decimal representation is completely analogous to that using 
binary representation. In practice, only the decimal representations are used. 

EXAMPLE 6.49 Obtain the set of prime implicants for I m(0, 1, 6, 7, 8, 9, 13, 14, 15) 
using the binary designations of minterms. 

Solution 

Group the minterms in terms of the number of Is present in them and write their binary 
designations. The procedure to obtain the prime implicants is shown in the table below. 


Column 1 Column 2 Column 3 


Mmtenm Binary 




designation 



A 

B 

c 

D 


A 

B 

C D 

Index 0 

0 

0 0 0 0 

s 

0, 

1 (1) 

0 

0 

0 

.— 

s 

0, 1. 8, 9 (1, 8) 

0 

0 - 

index 1 

1 

0 0 0 1 

s 

0, 

8 (8) 


0 

0 

0 

s 

ft: * m 

fri i 

* a * s * 


8 

10 0 0 

s 

1. 

9 (8) 

— 

0 

0 

1 

s 

m m * 

■ A ■ 

to t 4 « «P » 

Index 2 

6 

0 110 

s 

8. 

9 (1) 

1 

0 

0 

— 


6. 7. 14. 15 (1. 8) - 

1 

1 - 


9 

10 0 1 

/ 

6. 

7 (1) 

0 

1 

1 

— 





Index 3 

7 

0 111 


6, 

14 (8) 

— 

1 

1 

0 






13 

110 1 


9. 


1 

— 

0 

1 

s 





14 

1110 

✓ 

7. 

15 (8) 

— 

1 

1 

1 

s 




index 4 

15 

1111 


13. 

15 (2) 

1 

1 

— 

1 

R 








14. 

15 (1) 

1 

1 

1 

— 
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Starting with the index 0 group, compare each term in this group with every term in 
index 1 group. Repeat this procedure with the index groups 1 and 2, 2 and 3, and 3 
and 4 Combine the terms if they differ in only one position and generate a new term and 
record it in column 2. Check off the terms of column 1 which are combined. Repeat the 
entire procedure for the groups formed in columns 2 and 3 too. The detailed procedure is 

given below: 

Comparing the terms of index 0 with the terms of index 1 of column 1, m (> (0000) is 
combined with m|(0001) to yield 0, 1 (1), i.e. 000- This is recorded in column 2 and 
0000 and 0001 are checked off in column 1. m 0 (G000) is combined with m H (1000) to yield 
0 s (8), i.e. -000. This is recorded in column 2 and 1000 is checked off in column I. Note 
that 0000 of column l has already been checked off. No more combinations of terms of 
index 0 and index 1 are possible. So, draw a line below the last combination of these 
uroups, i.e. below 0, 8 (8), -000 in column 2. Now 0, 1 (1), i.e. 000- and 0, 8 (8), 
j e -000 are the terms in the first group of column 2. 

Comparing the terms of index 1 with the terms of index 2 in column 1, m^OOOl) is 
combined with m 9 (1001) to yield 1, 9 (8), i.e. -001. This is recorded in column 2 and 1001 
is checked off in column 1 because 0001 has already been checked off. m g (10<>0) is 
combined with m 9 (1001) to yield 8, 9 (1), i.e. 100- This is recorded in column 2. 1000 
and 1001 of column 1 have already been checked off. So, no need to check them off again. 
No more combinations of terms of index 1 and index 2 are possible. So, draw a line below 
the last combination ol these groups, i.e, 8, 9 (1), -001 in column 2. Now 1, 9 (8), i.e. 

- 001 and 8, 9 (I), i.e. 100- are the terms in the second group of column 2. 

Similarly, comparing the terms of index 2 w'ith the terms ot index 3 in column 1, 

m 6 (0110) and m ? (01 11) yield 6, 7 (l), i.e. Oil- Record it in column 2 and check off 
6(0110) and 7(0111). 

m 6 (0110) and m 14 (UT0) yield 6, 14 (8), i.e. -110. Record it in column 2 and check 
off 6(0110) and 14(1110). 

m 9 ( 1001) and m ]3 (1101) yield 9, 13 (4), i.e. 1-01. Record it in column 2 and vheck 
off 9(1001) and 13(1101). 

So, 6, 7 (1), i.e, 011- and 6, 14 (8), i.e. -110 and 9, 13 (4), i.e. 1-01 are the terms in 

group 3 of column 2. Draw a line at the end of 9, 13 (4), i.e. 1-01. 

Also, comparing the terms of index 3 with the terms ol index 4 in column 1, 

m 7 (0111) and m l5 (llll) yield 7, 15 (8), i.e. -111. Record it in column 2 and check 
off 7(0111) and 15(1111). 

m, 3 (U01) and m l5 (l 111) yield 13, 15 (2), i.e. 11-1. Record it in column 2 and check 
off 13 and 15. 

m 14 (1110) and m l5 (ll II) yield 14, 15 (1), i.e. 111- Record it in column 2 and check 
otf 14 and 15. 


So, 7, 15 (8), i.e. -Ill, and 13, 15 (2), i.e. 11-1 and 14, 15 (1), i.e. Hi- are the terms 
in group 4 of column 2. Column 2 is completed now. 

Comparing the terms of group 1 with the terms ot group 
°* 1 (1), i.e. 000- and 8, 9 (1), i.e. 100- are combined to form 0, L 8, 9 (1, 8), i.e. -00 -. 
Record it in group 1 of column 3 and check off 0, 1 (!)► i- e - 000 > and 8, 1 


2 in column 2, the terms 


* 
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>lumn 2 . The terms 0 , 8 ( 8 ), i.e. -000 and 1 , 9 ( 8 ), i.e. -001 are combined to form 
0. , S. ^ ( 1 , 8 \ i.e. -00- This has already been recorded in column 3. So, no need to 
record again. Check off 0, 8 ( 8 ), i.e. -000 and 1 , 9 ( 8 ), i.e. -001 of column 2 . Draw 
a line below 0 . 1 , S, 9 ( 1 , 8 ), i.e. -00- This is the only term in group 1 of column 3 . No 


c " of group 2 of column 2 can be combined with any term of group 3 of column 2. So, 
no entries are made in group 3 of column 2. 

Comparing the terms of group 3 of column 2 with the tcmis of group 4 of column 2 , 
•he terras 6 . 7 (1), i.e. 011-, and 14, 15 (1), i.e. Ill- are combined to form 6 , 7 , 14, 
15 1. 8 \ i.e. - 11 -. Record it in group 3 of column 3 and check off 6 , 7 ( 1 ), i.e. 01 1 - 
and 14, 15 ( 1 ). i.e. Ill- of column 2 . The terms 6 , 14 ( 8 ), i.e. -110 and 7 , 15 ( 8 ), i.e. 
-Ill are combined to form 6 , 7, 14, 15 { 1 , 8 ), i.e. -11- This has already been recorded 


in column 3: so, check off 6 , 14 ( 8 ), i.e. -110 and 7, 15 ( 8 ), i.e. -Ill of column 2. 

Observe that the terms 9, 13 (4), i.e. 1-01 and 13, 15 (2), i.e. 11-1 cannot be com¬ 
bined w ith any other terms. Similarly in column 3, the terms 0, 1, 8 , 9 ( 1 , 8 ), i.e. -00- 
und 6 , ", 14, 15 (I, 8 ), i.e. -II- cannot also be combined with any other terms. So, these 
4 terms are the prime implicants. 

The terms, which cannot be combined further, are labelled as P, Q, R, and S. These 
form the set of prime implicants. 


EXAMPLE 6.50 Obtain the set of prime implicants for I m(l, 2, 3, 5, 6 , 7, 8 , 9, 12, 13, 15) 
using the decimal designations of minterms. 

Solution 

The procedure to obtain the set of prime implicants is illustrated in the table below. 


Step t 


Step 2 


Step 3 

Index 1 

1 ✓ 

1, 3 (2) ✓ 

1, 

3, 5, 7 (2, 4) T 


2 ✓ 

1, 5 (4) ✓ 

1 , 

5, 9, 13 (4, 8) S 


tfV 

1. 9 (8) ✓ 

2, 

3, 6, 7 (1, 4) R 

Index 2 

3 ✓ 

2, 3 (1) ✓ 

8. 

9. 12, 13 (1, 4) Q 


5 ✓ 

2, 6 (4) ✓ 

5, 

7, 13, 15 (2, 8) P 


6 ✓ 

8, 9 (1) ✓ 




9 ✓ 

8, 12 (4) ✓ 




12 ✓ 

3, 7 (4) ✓ 



index 3 

7 ✓ 

5, 7 (2) ✓ 




13 ✓ 

5, 13 (8) ✓ 



Index 4 

15 ✓ 

6, 7 (1) ✓ 





9, 13 (4) ✓ 





12, 13 (1) ✓ 





7, 15 (8) ✓ 





13, 15 (2) ✓ 




. he non-combinable terms P, Q, R, S and T are recorded as prime implicants. 

P -» 5, 7, 13, 15 (2, 8 ) - X 1 X 1 = BD 
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(Literals with weights 2 and 8 , i.e. C and A are deleted. The lowest minterm is 5 = '4 + 
1 ). So, literals with weights 4 and 1, i.e. B and D are present in non-complemented lorm. 
So, read it as BD.) 


Q -> 8 , 9, 12, 13 (1, 4) = 1 X 0 X 3 AC 

(Literals with weights 1 and 4, i.e. D and B are deleted. The lowest minterm is 8 = (8 + 
0). So, literal with weight 8 is present in non-complemented form and literal with weight 

2 is present in complemented form. So, read it as AC.) 

R -> 2, 3, 6 , 7 ( 1 , 4) = 0 X I X = AC 

(Literals with weights 1 and 4, i.e. D and B are deleted. The lowest minterm is 2. So, literal 
with weight 2 is present in non-complemented form and literal with weight 8 is present in 

complemented form. So, read it as AC.) 

S -> 1 , 5, 9, 13 (4, 8 ) = X X 0 1 = CD 

(Literals with weights 4 and 8 , i.e. A and B are deleted. The lowest minterm is 1. So, literal 
with weight 1 is present in non-complemented form and literal with weight 2 is present in 
complemented form. So, read it as CD.) 

T —» 1, 3, 5, 7 (2, 4) = 0 X X 1 - AD 

(Literals with weights 2 and 4, i.e. C and B are deleted. The lowest minterm is 1, So, literal 
with weight 1 is present in non-complemented form and literal with weight 8 is present in 

complemented form. So, read it as AD.) 

Don't Cares 

When don’t care terms are present in an expression, during the process of generating the 
set of prime implicants, don't care combinations are regarded as true combinations, i.e. 
combinations for which the expression assumes a 1 . This, in effect, increases to the 
maximum, the number of possible prime implicants. The don’t care terms are, however, not 
considered in the next step of selecting a minimum set of prime implicants. 

EXAMPLE 6.51 Obtain the set of prime implicants for the following expression: 

E m( 6 , 7, 8 , 9) + d(10, 11, 12, 13, 14, 15) 

Solution 

Treat the don’t cares as minterms and apply the usual procedure as shown in the table on 
the next page. From this above table, we see that the prime implicants are P —» g .9 jq 
II, 12, 13, 14, 15 (1, 2, 4) and Q -> 6 , 7, 14. 15 ( 1 , 8 ). The term 6 , 7, 14, 15 (j, 8 j 
means that literals with weights 1 and 8 , i.e. D and A are deleted and the lowest designated 
minterm is m b (4 + 2), i.e. literals with weights 4 and 2 are present in non-complemented 
form. So it is read as BC. The term 8 , 9, 10, 11, 12, 13, 14, 15(1, 2, 4) means that literals 
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Step 1 

Step 2 

Step 3 

Step 4 

8 S 

8, 9 (1) ✓ 

8, 9, 10, 11 (1, 2) ✓ 8, 

, 9, 10, 11, 12, 13, 14, 15 (I, 2, 4) P 

6 ^ 

8, 10 (2) ✓ 

8, 9, 12, 13 (1, 4) ✓ 


g S 

8, 12 (4) ✓ 

8, 10, 12, 14 (2, 4) ✓ 


10 ✓ 

6, 7 (1) ✓ 

6, 7, 14. 15 (I, 8) Q 


12 ✓ 

6, 14 (8) ^ 

9, 11, 13, 15 (2, 4) ✓ 


7 ✓ 

9, 11 (2) S 

10, 11, 14, 15 (1, 4) ✓ 


11 ✓ 

9, 13 (4) ✓ 

12, 13, 14, 15 (I, 2) ✓ 


13 ✓ 

10, 11 (1) ✓ 



14 ✓ 

10, 14 (4) ✓ 



15 S 

12, 13 (1) ✓ 
12, 14 (2) ✓ 




7, 15 (8) ✓ 
11, 15 (4) ✓ 

13, 15 (2) ✓ 

14, 15 (I) ✓ 




- th ^eights 1, 2, and 4, i.e. D, C\ and B arc deleted. The lowest designated minterm is 
therefore. m v So, literal with weight 8 is present in non-complemented form. So. it is read 
as A. 


The Prime Implicant Chart 


; he prime impocant chart is a pictorial representation of the relationships between the prime 
;mp! :ants and the minterms of the expression, it consists of an array of u columns and 
• rows where u and v designate the number of minterms for which the expression takes 
the a jc of a 1 and the number of prime implicants, respectively. The entries of the /th 
row consist of xs placed at the intersections with the columns corresponding to minterms 
cohered b> the fth prime implicant. For example, the prime implicant chart of the expression 

I m(l, 2, 3, 5, 6, 7, 8, 9, 12, 13, 15) 


;s a ft 'Town in the table below. It consists of 11 columns corresponding to the number of 
minterms and 5 rows corresponding to the prime implicants P, Q, R, S, and T generated 
(see Example 6.50). Row R contains four xs at the intersections with columns 2, 3, 6, and 
", because these minterms are covered by the prime implicant R. A row is said to cover 
the columns in which it has xs. The problem now is to select a minimal subset of prime 
mp lean's. ->uch that each column contains at least one x in the rows corresponding to the 
selected subset and the total number of literals in the prime implicants selected is as small 
as possible. These requirements guarantee that the number of unions of the selected prime 
implicants is equal to the original number of minterms and that, no other expression 
containing fewer literals can be found. 
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/ 






y' 

y 

y" 

✓ 


1 

2 

3 

5 

6 

7 

8 

9 

12 

13 

1 5 

*P -» 5, 7. 13, 15 (2, 8) 




X 


X 




X 

X 

*Q -> 8, 9. 12. 13 (1, 4) 







X 

X 

X 

X 


*R -* 2, 3. 6. 7, {1. 4) 


X 

X 


X 

X 






S 1, 5, 9, 13 (4, 8) 

X 



X 




X 


X 


T -* 1, 3, 5. 7 (2, 4) 

X 


X 

X 


X 







Essential Prime implicants 

Essential prime implicants are the implicants which will definitely occur in the final 
expression. Any row in a prime implicant chart which has at least one minterm that is not 
present in any other row is called the essential row and the corresponding prime implicant 
is called the essential prime implicant. In other words, if any column contains a single <, 
the prime implicant corresponding to the row in which this x appears is the essential prime 
implicant. Once an essential prime implicant has been selected, all the minterms it covers 
are checked off. After all the essential prime implicants and their corresponding columns 
have been checked, the union of all the essential prime implicants yields the minimal 
expression. If this is not the case, additional prime implicants are necessary. 

In the preceding prime implicant chart, m 2 and m 6 are covered by R only. So, R is an 
essential prime implicant. So, check off all the minterms covered by it, i.e. m 2 , m 3 , m 6 , and 
m 7 . Q is also an essential prime implicant because only Q covers m g and m 12 . Check off 
all the minterms covered by it, i.e. m g , m^, m l2 , and nijj. P is also an essential prime 
implicant, because m^ is covered only by P. So check off m^, 1115 , ni 7 , and m^ coxered 
by it. Thus, only minterm 1 is not covered. Either row S or row T can cover it and both 
have the same number of literals. Thus, two minimal expressions are possible. 

P + Q + R + S = BD + AC + AC + CD 

or 

P + Q + R + T- BD + AC + AC + AD 

Don't Care Combinations 

Don't care minterms need not be listed as column headings in the prime implicant chart 
since they do not have to be covered by the minimal expression. By not listing them, we 
actually leave the specification of don't care terms open. The prime implicant chart, thus, 
yields a minimal of an expression, which covers all the specified minterms. For example, 
in the prime implicant chart oi 2. m{ 6 , 7, N, 9) -f - d(10, 11, 1~, 13, 14, 15) shown in the 
tabic below, all the don’t care minterms are omitted. 







6 

7 8 

9 

*P 8. 9. 10. 11. 12. 13. 14, 15 (1, 2, 4) 


X 

X 


*Q ->6. 7, 14. 15 (1, 8) 


x x 
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A> seen from the above table, P and Q are both essential prime implicants So the 
minimal expression is A + BC. 

Dominating Rows and Columns 

; wo rows (or columns) I and J of a prime implicant table, which have xs in exactly the 
same columns (or rows) are said to be equal (written I - j). 

A column I in a prime implicant chart is said to dominate another column J of that 

c '.art, if column I has an x in every row in which column J has an x. Any minim;)! 

expression derived from a chart which contains both columns 1 and J can be obtained from 

J chart containing the dominated column. Hence, if column I dominates column J, then 

column I can be deleted from the chart without affecting the search for a minimal 
expression. 

A row I in a prime implicant chart is said to dominate another row J, if row I has an 
x m every column in which row' J has an x. Any minimal expression derived from a chart 
which contains both rows I and J can be derived from a chart which contains only the 
dominating row . l ienee, if row 1 dominates row J, then row J can be deleted from the chart 
without affecting the search for a minimal expression. 

Determination of Minimal Expressions in Complex Cases 

in simple cases, we can determine the minimal expression by simply inspecting the prime 
imp!team chan. In more complex cases, however, the inspection method becomes prohibitive. 
Here ; lhe P roce dure is: First determine the essential prime implicants from the prime 
' - cant chan. Second, form a reduced chart by removing all essential prime implicants 
and the columns covered by them. Although, none of the rows in the reduced chart is 
essential, onlv some of them may be removed. Third, remove all the dominating columns 
and the dominated rows of this reduced chart and form a new reduced chart. Fourth, look 
for the secondary essential prime implicants in the new reduced chart, and form another 
.iiart > . emoving the secondary essential prime implicants and the columns covered by 
them and write the minimal expression in SOP form. Continue the process, if required. 

EXAMPLE 6.52 Minimize the following expression: 

2 m (0> 1. I 8, 9, 15, 17, 21, 24, 25, 27, 31) 

Solution 


The following table shows the procedure for obtaining all the prime implicants. 


Step 1 



Step 2 




Step 3 


Index 0 0 

s 

o, 

1 

(1) 


0. 

1 . 

8, 

9 (1,8) 

R 

1 


o. 

2 

(2) 

X 

1 . 

9.” 

17, 

25 (8, 16} 

Q 

Index 1 2 

s 

o, 

8 

(8) 

v' 

8. 

9. 

24, 

25 (1, 16) 

P 

8 

s 

i. 

9 

(8) 







9 

/ 


17 

(16) 








Contd. 
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Contd. 




Step 1 






Step 2 





Step 

3 





Index 2 

17 




8, 

9 

(1) 












24 

s 



8. 

24 

(16) 

✓ 










Index 3 

21 

/ 



9. 

25 

(16) 












25 




17, 

21 

(4) 

w 










Index 4 

15 

y 



17, 

25 

(8) 

y 











27 

S 



24, 

25 

(D 

V 










index 5 

31 




25, 

27 

(2) 

U 















15. 

31 

(16) 

T 















27, 

31 

(4) 

S 








From 

the above table, 

we 

see that the prime 

implicants 

are 1 

A Q, 

R, S, 

T, U, 

V 

W, and 

X. The prime implicant < 

chart 

is shown below. 














✓ 


y 




s 


s 










0 

1 

2 


8 

9 

15 

17 

21 

24 

25 

27 

31 

P 


8, 9, 24, 25 

B- 






X 

X 




X 

X 



Q 

-» 

1, 9, 17, 25 



X 




X 


X 



X 



R 

-> 

0. 1. 8, 9 



X 

X 



X 

X 








S 

— ^ 

27, 31 














X 

X 

*T 

-> 

15, 31 









X 






X 

U 


25, 27 













X 

X 


V 


24, 25 












X 

X 



*w 

—> 

17, 21 










X 

X 





*x 


0, 2 



X 


X 












T. W, and X are the essential prime implicants because m, 5 is covered by T only, m ;i 
is covered by W only and m 2 is covered by X only. Delete the essential prime implicants 
and the columns covered by them and form the reduced prime implicant chart as shown 
below. 



1 

8 

9 

24 

25 

27 

p 


X 

X 

X 

X 


Q 

X 


X 


X 


R 

X 

X 

X 




S 






X 

u 





X 

X 

V 




X 

X 



Here, 9 z> 8, i.e. column 9 dominates column 8. So, remove column 9. Also 25 id 24 
i.e. column 25 dominates column 24. So remove column 25. Further, U o S, i.e. row U 


























































































commutes row S So, retnox e row S. \nd P d V, i.c. row P dominates row V, So, remove 


row Y. 

Draw the new reduced prime iniplicant chart after removing the dominating columns 
and 25 and the dominated rows S and V as shown below. 




s 




1 

8 

24 

27 

*p 


X 

X 


Q 

X 




R 

X 

X 



*U 




X 


From the above new reduced prime iniplicant chart, we observe that P and U are the 
secendar> essential prime implieants. Write another reduced table removing the secondary 
essential prime implieants and the columns covered by them. The further reduced chart is 
as shown below. 


1 

Q x 

R x 

We can select Q or R because both have the same number of literals. Thus, we get two 
minimal expressions as follows: 

T-W + X+ P + U + Q = BCDE + ABDE + A BCE + BCD + ABCE + CDE 

or 

T + W + X + P + U + R= BCDE + ABDE + ABCE + BCD + ABCE + A CD 

Determination of AH Possible Minimal Expressions 

To get ail the possible minimal expressions after getting the essential prime implieants, derive 
an appropriate expression irom the reduced prime implicant chart by multiplying the sums 
the rows that take care of each minterm. For the above Example 6.52, from the reduced 
prime implicant chart, we get 

(Q + R) ( P + R) ( P + Q + R) (P + V) (P + Q + U + V)( S + U) 

= PQS + PRS + RSV + PRU + PQU + RUV 

Out o! these terms, PQS, PRS, PRU, and PQU yield the same minimum literals. So, 
there are four minimal expressions given as 

1 . T - W - X + P + Q + S = BCDE + ABDE + ABCE + BCD + CDE + ABDE 

2 7 - W r X + P + R + S = BCDE + ABDE + ABCE +BCD + ACD + ABDE 

3 T - W *X + P + R + U= BCDE + ABDE + A BCE + BCD + AC D + ABCE 

4 T * W - X- P + Q + U= BCDE + ABDE + ABCE + BCD + CDE + ABCE 
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The Branching Method > (i ,m m ,| , r; ' 

3nd 

If the prime implicant chart has no essential prime implieants, dominated rows an 
dominated columns, the minimal expression can be obtained by a different approac ca 
llic branching method. Here, wc consider any column and note the rows which cover - 
column. Make an arbitrary selection of one of those rows and apply the norma re uc _ 
procedure for the prime implicant chart without this row and the selected column. e en i 
procedure is repeated for each row. fake the minimal ot all such expressions o tame 

EXAMPLE 6.53 Find the minimal expression for 

n M(2, 3, 8, 12, 13) * d{ 10, 14) 


Solution 

The tabulation method for the POS form is exactly the same as that for the SOP form. Treat 
the maxterms as if they are minterms and complete the process. While writing the minimal 
expression in the POS form, treat the non-complementcd variable as a 0 and the complemente 
variable as a 1. The prime implieants are obtained as shown below. 


Step 1 

Step 2 

Step 3 

2 ✓ 

2,3 (1) S 

8, 10, 12, 14 (2, 4) P 

8 ✓ 

2, 10 (8) R 


3 / 

8, 10 (2) ✓ 


10 / 

8, 12 (4) ✓ 


12 ✓ 

10, 14 (4) ✓ 


13 S 

12, 13 (1) Q 


14 ✓ 

12, 14 (2) ✓ 

-_- 


There are 
below. 


four prime implieants P, Q, R, and S. Draw the prime implicant chart as shown 



/ 


/ 


z' 


2 

3 

8 

12 

13 

*P 8, 10, 12, 14 (2, 4) 

*Q -> 12, 13 (1) 

R 2, 10 (8) 

*S->2, 3(1) 

X 

X 

X 

X 

X 

X 

X 


Here m. is covered by P only. Further. m„ is covered by Q only and m, is covered 
bv S only Therefore, P, Q. and S are the essential prime implieants. Cheek them out and the 
minterms covered by them. They cover all the minterms. So, the final expression is given by 


PQS = (A + D) (A + B + C) (A + B + C) (I! gate inputs) 

Therefore the minimal of the POS and SOP forms is the SOP with 10 gate inputs. So, 
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EXAMPLE 0.54 Obtain the minimal POS expression for 

n Nt(0, 1, 4. 5, 9, 11 , 13, 15, 16, 17, 25, 27, 28, 29, 31) • n d(20, 21 , 22 . 30 ) 

Solution 


i ■'.* prime implicants are obtained as shown below. 


Step 1 

Step 2 


Step 3 


Step 4 

0 ✓ 

0, 1 (1) 


0, 1, 4, 5 (1, 4) 


0, 1, 4, 5, 16. 17, 20, 21 (1. 4, 16) R 

1 ✓ 

0. 4 (4) 


0, 1, 16, 17 (1, 16) 


1. 5. 9, 13. 17, 21. 25. 29 (4, 8. 16) Q 

4 / 

0, 16 (16) 


0. 4, 16, 20 (4, 16) 

✓ 

9. 11, 13, 15. 25. 27. 29. 31 (2,4,16) P 


16 

✓ 

1. 5 (4) 


1. 5. 9. 13 (4. 8) 

S 

5 

✓ 

1, 9 (8) 

S 

1, 5. 17. 21 (4. 16) 

S 

9 

s 

1. 17 (16) 

S 

1. 9. 17. 25 (8. 16) 

✓ 

17 


4. 5 (1) 


4. 5, 20. 21 (1, 16) 


20 


4. 20 (16) 

s 

16, 17. 20. 21 (1. 4) 

✓ 

11 

s 

16. 17 (1) 

s 

5. 13. 21. 29 (8, 16) 


13 

/ 

16. 20 (4) 

s 

9. 11. 13. 15 (2, 4) 

✓ 

21 

V 

5, 13 (8) 


9. 11, 25, 27 (2. 16) 


22 

s 

5. 21 (16) 


9. 13, 25, 29 (4, 16) 


25 ✓ 

9, 11 (2) 


17, 21. 25. 29 (4. 16) 

V 

25 

s 

9, 13 (4) 


20. 21, 28, 29 (1. 8) 

V 

15 

s 

9. 25 (16) 

V" 

20. 22. 28. 30 (2, 8) 

u 

27 

/ 

w 

17, 21 (4) 

S 

11, 15, 27. 31 (4. 16) T 

29 

s 

17. 25 (8) 


13. 15, 29, 31 (2, 16) 

v' 

30 

✓ 

20, 21 (1) 

S 

25, 27, 29. 31 (2. 4) 


31 

s 

20, 22 (2) 

v' 

28. 29, 30. 31 (1. 2) 

s 


20, 

28 

(8) 


11. 

15 

(4) 

s 

11. 

27 

(16) 


13, 

15 

(2) 

l/ 

13. 

29 

(16) 

s 

21, 

29 

(8) 

s 

22, 

30 

(8) 

s 

25, 

27 

(2) 

s 

in 

CM 

29 

(4) 


CO 

CM 

29 

(1) 

s 

CO 

CM 

30 

(2) 

s 

15. 

31 

(16) 

s 

9 *- 

K 

CM 

31 

(4) 

s 

29, 

31 

(2) 


30. 

31 

(1) 
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From the preceding table we sec that there arc seven prime implicants P, Q, R, S, T, 
U, and V. The prime impiicant chart is shown below. 



✓ 















0 

1 

4 

5 

9 11 

13 
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16 

17 

25 

27 

28 

29 

31 

p 





X X 

X 

X 



X 

X 


X 

X 
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X 


X 

X 

X 



X 

X 



X 


*R 

X 

X 

X 

X 




X 

X 






s 












X 

X 

X 

T 





X 


X 




X 



X 

u 












X 



V 












X 

X 



Here, m 0 , m 4 and m 16 are covered by R only. So, R is an essential prime impiicant. 
Remove row R and the minterms covered by it and form the reduced prime impiicant chart 
as shown below. 



9 

11 

13 

15 

25 

27 

28 

29 

31 

p 

X 

X 

X 

X 

X 

X 


X 

X 

Q 

X 


X 


X 



X 


s 







X 

X 

X 

T 


X 


X 


X 



X 

u 







X 



V 







X 

X 



Remove the dominating columns and the dominated rows. 

Column 31 3 11 = 15 = 27; 29 d 25 = 13 = 9. Columns 31, 15, and 27 dominate or cquai 
column 11 . Columns 29, 25, and 13 dominate or equal column 9. So, delete columns 31, 15, 
27, 29, 25, and 23. Row PdQ,PdT,SdU,Sd V. That is, rows Q and T are dominated 
by row P and rows U and V are dominated by row S. So, delete rows Q, T, U and V. Draw 
the secondary reduced prime impiicant chart as shown below. 




v' 



9 

11 

28 

*p 

X 

X 


*s 



X 


p and S are the secondary essential prime implicants. The minimal POS expression is, 
therefore, given by 

RPS = (B + D) (B + E) (A + B + Cl 


and which requires 10 gate inputs. 
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6.16 FUNCTION MINIMIZATION OF MULTIPLE OUTPUT CIRCUITS 


So as. we have discussed the minimization oi the single switching lunctions by the Quine- 
VcClush) method In practice, many logic design problems have more than one output. For 
these problems, which are too large or complicated to be solved by K-rnaps, it is necessary to 
turn to the tabular method. The multiple switching-function minimization criterion is as 

follows: 

Each minimized function should have as many terms in common as possible with 
other minimized functions. 

2, Each minimized function should have a minimum number of product (sum) terms 
and no product (sum) term of it should be replaceable by a product (sum) term 
with fewer variables. 

The procedure for minimizing a set of m switching functions according to the above 
minimization criterion using the Quinc-McClusky method is described below. 

Step J: Find the prime implicants of the m switching functions. We use a single table to 
find the prime implicants of the m functions simultaneously by using the tag. Suppose we 
want to minimize the set of three output functions: 

f|(x„ x 2 , x 3 , x 4 ) = £ m(l, 2, 3, 5, 7, 8 , 9) + £ d( 1 2, 14) 

f 2 (x„ x 2 , Xj, x 4 ) = £ m(0, 1, 2, 3, 4, 6 , 8 , 9) + £ d(l0, 11) 

f 3 (x,, x 2 , x 3 , x 4 ) = £ m(l, 3, 5, 7, 8 , 9, 12, 13) + £ d(14, 15) 

The single tabulation that can be used to find the prime implicants of the three functions 

simultaneouslv. is shown in Table 6.2. 

*r * 

Note that the first column of step 1 of this tabic includes the minterms and the don't 
cares i represented in decimal numbers) of all three 'unctions. They are grouped into groups 
as usual, according to the number of Is in their binary representation. The second column 
ot step 1 consists ot a tag for each minterm (row) to indicate which of the output functions 
include the minterm Each symbol of the tag corresponds to one of the output functions 
and is either a 0 or a i depending on whether the corresponding minterm is absent in the 
output t unction or present in the output function. For example, the tag for the first row is 


fl 

h 

h 

0 

i 

0 


winch indicates that the minterm (J is included in the output function f 2 , but is not included 
in the output functions f, and f 3 . 

The ! st. 2 nd and 3rd reductions of the implicants to form prime implicants are the same 
as those m the single output technique. The tags of each row of steps 2, 3, and 4 in 
Table * 2 arc obtained by multiplying the tags of the corresponding implicants by 
combining which, diat row is obtained. Note that, there is a 1 in the new tag only when 
there are Is in both the original implicants. The tag of the implieant ( 0 , 1 ) in the first row 
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Table 6.2 To find the prime implicants of three functions simultaneously 



Step 

1 



Step 2 







Step 

3 



h 

h 

h 




<2 f 

3 






ft 

^2 


—* 

0 

0 

1 

0 

/ 

o. 1 (1) 

0 

1 

0 

y 

o. 

i. 

2, 

3 (1. 2) 

0 

1 

0 

y 

1 

1 

1 

1 

y 

0, 2 (2) 

0 

1 

0 

y 

0. 

i. 

8, 

9 (1, 8) 

0 

1 

0 

y 

2 

1 

1 

0 

y 

0, 4 (4) 

0 

1 

0 

y 

0. 

2. 

8. 

10 (2, 8) 

0 

1 

0 

y 

4 

0 

1 

0 

/ 

0, 8 (8) 

0 

1 

0 

y 

0, 

2, 

4. 

6 (2, 4) 

0 

1 

0 

6 

8 

1 

1 

1 

/ 

1. 3 (2) 

1 

1 

1 

A 

1. 

3. 

5, 

7 (2. 4) 

1 

0 

1 

H 

3 

1 

1 

1 

y 

1. 5 (4) 

1 

0 

1 

y 

1, 

3. 

9. 

11 (2. 8) 

0 

1 

0 

y 

5 

1 

0 

1 

y 

1. 9 (8) 

1 

1 

1 

B 

1. 

5, 

9. 

13 (4. 8) 

0 

0 

1 

l 

6 

0 

1 

0 

y 

2, 3 (t) 

1 

1 

0 

c 

2, 

3. 

1C 

1, 11 (1. 8) 

0 

1 

0 

y 

9 

1 

1 

1 

y 

2. 6 (4) 

0 

1 

0 

y 

8. 

9. 

1C 

K 11 (1. 2) 

0 

1 

0 

y 

10 

0 

1 

0 

y 

2. 10 (8) 

0 

* 

ill 

0 

y 

8, 

9, 

12. 13 (1. 4) 

0 

0 

1 

J 

12 

1 

0 

1 

y 

4. 6 (2) 

0 

1 

0 

y 

5. 

7, 

13. 15 <2, 8) 

0 

0 

1 

K 

7 

1 

0 

1 

y 

8. 9 (1) 

1 

1 

1 

0 

12 

!. 13. 

14. 15 (1. 2) 

0 

0 

1 

L 

11 

0 

1 

0 

y 

8. 10 (2) 

0 

1 

0 

y 







tag 


13 

0 

0 

1 

y 

8, 12 (4) 

1 

0 

1 

E 









14 

1 

0 

1 

y 

3. 7 (4} 

1 

0 

i 

y 









15 

0 

0 

1 

y 

3. 11 (8) 

0 

1 

0 

y 










tag 



5, 7 (2) 

1 

0 

1 

y 





Step 

4 







5. 13 (8) 

0 

0 

1 

y 





ft 

fj f 

3 







9, 11 2) 

0 

1 

0 

y 

0 

.t.: 

2,3 

,8.9,10.11 (1.2.8) 

0 

1 0 fc 

1 






9, 13 (4) 

10. 11 (1) 

0 

0 

0 

1 

1 

0 

y 

y 





tag 








12. 13 (1) 

0 

0 

1 

y 














12, 14 (2) 

1 

0 

1 

F 














7, 15 (8) 

0 

0 

1 

y 














13. 15 (2) 

0 

0 

1 

y 














14. 15 (11 

0 

0 

1 

y 










tag 


oi step 2 in Table 6.2 is 


ft 

^2 

h 

0 

i 

0 


This is because, only .he symbols of .he tags of .he m.ntcrtns 0 and under f, are bo.h 
a l. I, should be noted that when the lag of the new cell implieant is ( 0 , 0 , 0 ), ,t means 
.hat none of .he ou.pu, functions includes .his new .mpheanf Tins new .mphean, should 
no. therefore be included. For example, m ! able 6.2, nun.crms 4 and 5 are comb,..able. 
Since their tags are (0 I 0 ) and (1 0 I), .he resulting tag >s (0 0 0 Thus the .mpheant 

>ear in step 2 of Table 6.2. For the same reason, the implieant (11, 15) 


(4 


5 ) does not appear in step 
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1S important to point out a difference between the single function minimization and 
: - c multiple function minimization in determination of prime implicates in tltc function 
reduction table. For example, in the first reduction column, i.e. step 2 of Table 6.2, the 

(0, 2') and (l, 3) arc combined into the implicant (0, 1, 2, 3) whose tag is 
iC 1 O' which is same as that of the implicant (0, 2), but not that of the implicant (l, 3)* 
hence the implicant (0, 2) is ‘checked out', but implicant 1 1, 3) is not. 

The rule for checking out an implicant in a multiple function reduction table is: an 
implicant is checked out (f) if and only if its tag is identical to that of the newly formed 
implicant. 

From Table 6.2 we see that the prime implicants are A, B, C, D, E, F, G, H, I, j, K, L, 
and M. 


Step 2: Construct the multiple output prime implicant table as shown in Table 6.3. The row 
dominance, row I 3 row J, in a multiple output prime implicant table is defined as row I 
- row J for every output function. The definition of column dominance for the multiple 
output case is the same as that for the single output case. 

Sup 3: Remove all the dominating columns from the table. Delete columns 1, 3. and 5 of 
. because they are dominating column 7. Delete columns 0, 2, and 4 of f 2 , because they 
are dominating column 6. Delete column 9 of f 2 , because it is dominating column 8 of f 2 . 

Dcie'.e columns 1 and 3 of f 3 , because they are dominating columns 3 and 7, respectively, 

of f 3 . 

S-Lp 4: Remove all the dominated rows from the table. Delete row F because it is 
dominated by row E. Remove row r L, because it is dominated by row J. 

Step 5; Remove the essential prime implicants from the table and include them in their 
e iunenons. Form the reduced prime implicant chart after removing the essential 
prime implicants and the minterms covered by them. 

The prime implicant chart is as shown in Table 6.3. 


A 

B 

*C 

D 

F 

*G 

*H 

I 

J 

K 

L 


% 


/ ✓ ✓ ✓ / 
1 2 3 5 7 

x x 

X 

X X 


8 9 


X X 
X 


XXX 


Table 6,3 Prime implicant chart 
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j 

0 


✓ s s 
12 3 4 

X X 
X 

X X 


6 


8 9 


X X 


X 


X X 


1 3 

X X 
X 


X X 
X 


s 

5 




7 8 9 12 13 


X X 
X 

X X 


X X 
X X 

X 


X 

X 


X 

X 

X 

X 
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From the multiple output prime implicant tabic (Table 6.3), wc observe that, 

In f„ 5 3 7, 3 z> 7, 1 3 7, 3 3 2 

In f 2 , 0 d6, 4d6,2d6, 9d8 

In f 3 , 1 d 3, 5 d 7 and E => F, J id L 

C is an essential prime implicant for f,, because m 2 is covered by C only. G is an 
essentia! prime implicant for f 2 , because m 6 and m 4 are covered by G only. H is an essential 
prime implicant for f h because m 5 and m 7 of f, are covered by H only. H is also an essential 
prime implicant for f 3 , because its m 3 is covered by H only. 

The reduced prime implicant chart is shown in Table 6.4. 


Table 6.4 Reduced prime implicant chart 


fl 


h 



h 


8 

9 

1 8 

8 

9 

12 

13 

A 


X 





B 

X 

X 


X 



D x 

X 

X 

X 

X 



E x 



X 


X 


1 




X 


X 

J 



X 

X 

X 

X 

K 






X 

M 


X X 





f t = C + D + H 

f 2 = G + M 


f 3 = 

H + J 



Step 6: Repeat steps 3 to 5 as many times as needed until every minierm ot each function 
is covered by an essential prime implicant. The set ot minimized functions is 

fj(x,, x 2 , x 3 , x 4 ) = C + D + H = (x 1 * x 2 * x 3 ) + (X, - X 2 x 3 ) + (x, • x 4 ) 

F 2 ( x i» x 2 , x 3 , x 4 ) = G + M = (x, ■ x 4 ) 4 x 2 

f 3 (x„ x 2 , x 3 , x 4 ) = H + J — (xj ■ x 4 ) 4 (x, x 3 ) 

EXAMPLE 6.55 Find the minimal expressions for the following multiple output functions. 

f,(x„ X 2 , x 3 , x 4 ) = no, 4, 5, 7, 11. 13, 15) • d(6, 8, 10, 12) 

f 2 (X|, x 2 , x 3 , x 4 ) = 0(2, 7, 9, 10, 11, 12, 14, 15) * d(0, 4, 6, 8) 

Solution 

The prime implicants are obtained as shown in the table on the next page. 
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Maxterm 

Step 
f, f 2 

1 



Step 

f, 1 2 

2 




Step 

U f 2 

3 

0 

0 

1 

✓ 


0. 2 (2) 

0 

1 

J 



0. 2, 4, 6 (2, 4) 

0 

1 

S 

2 

0 

1 

✓ 


0. 4 (4) 

0 

1 

J 



0, 2, 8, 10 (2, 8) 

0 

1 

s 

4 

1 

1 



0, 8 (8) 

0 

1 

s 



0, 4. 8, 12 (4, 8) 

0 

1 

J 

8 

1 

1 

v 


2, 6 (4) 

0 

1 




2, 6. 10. 14 (4, 8} 

0 

1 

J 

3 

1 

0 



2. 10 (8) 

0 

1 

s 



4. 5. 6, 7 (1, 2) 

1 

0 

H 

5 

1 

0 

j 


4. 5 (1) 

1 

0 

✓ 



4, 5, 12. 13 (1, 8) 

1 

0 

G 

6 

1 

1 

J 


4. 6 (2) 

1 

1 

p 



4, 6, 12, 14 (2. 8) 

0 

1 


9 

0 

1 

✓ 


4. 12 (8) 

1 

1 

0 



8, 9, 10, 11 (1, 2) 

0 

1 

F 

to 

1 

1 



8. 9 (1) 

0 

1 

/ 



8, 10, 12, 14 (2, 4) 

0 

1 

S 

12 

1 

1 



8, 10 (2) 

1 

1 

N 



3, 7, 11, 15 (4, 8) 

1 

0 

E 

7 

1 

1 



8, 12 (4) 

1 

1 

M 



5, 7, 13. 15 (2, 8) 

1 

0 

D 

11 

1 

1 

✓ 


3. 7 (4) 

1 

0 

s/ 



6, 7, 14. 15 (1, 8) 

0 

1 

c 

13 

1 

0 

✓ 


3, 11 (8) 

1 

0 

s/ 



10. 11, 14. 15 (1.4) 

0 

1 

B 

14 

0 

1 

✓ 


5, 7 (2} 

1 

0 

s 







15 

1 

1 



5. 13 (8) 

1 

0 

s 












6. 7 (1) 

1 

1 

L 












6. 14 (8) 

0 

1 

s 




Step 4 







9. 11 (2) 

0 

1 

s 












10. 11 (1) 

1 

1 

K 




*1 

^2 







10. 14 (4) 

0 

1 

s 

0. 

2, 4. 6. 

8. 10. 12, 14(2, 4, 8) 

0, 

1 

A 






12. 13 (1) 

1 

0 

j 












12,14 (2) 

0 

1 

s 












7. 15 (8) 

1 

1 

J 












11. 15 (4) 

1 

1 

l 












13. 15 (2) 

1 

0 

s 












14. 15 (1} 

0 

1 

s 







From the preceding table, the prime implicants are, A, 

B. C, D, E, F, G, H, 1 

. J 

, K, 

L t M t 

N, 0 


and 

P. The prime implicant chart 

is as 

shown 

below. 
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Contd. 
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Contd- 


G 

H 

l 

J 

K 

L 

M 

N 

O 

P 


3 


4 

x 

X 


X 

X 


5 

X 

X 




y 

7 


✓ 

11 


X 


13 

x 


y 

15 


x 

x 


✓ y y y y y 

2 7 9 10 11 12 14 15 


x 


x 

x 


For f,, E is an essential prime implicant because m 3 is covered by E only. Columns 7 
z> 3 LI z> 3, 15 ^ 3- So, remove columns 7, 11, and 15. After removal of the dominating 
columns 7, 11, and 15, the essential prime implicants and the minterms covered by them, 
we observe that only minterms 4, 5, and 13 are left uncovered. Columns 4, 5, and 1c are 
covered by G. So, E and G cover all minterms of f t . Therefore, 

f, = EG = (x 3 + x 4 ) (x 2 + x 3 ) 

For f„ A is an essential prime implicant because m 2 is covered by A only. F is to an 

essential prime implicant because m 9 is covered by F only. C olumns 10 =» 2, 12 z> 
essential pnme columns R 14 , and After removal of the dom.na.mg 

columns 10 12 4 and 11 and the essential prime implicants and the minterms covered 

columns iu, i , » . nd ni are left uncovered. By inspection, 

by them, we observe that only nuntcrms m 7 15 .. 

* * it .I p i Out of that C is minimal. 1 ncrciorc, 

7 and 15 are covered by both C and J. u 

f, = AFC = x 4 (x , + x 2 ) (x 2 + x 3 ) 

v, r j r c 0 there is no advantage in simplifying them together as 

No term is common to f, and t 2 . =o, mut 

the same result would be obtained when they arc minimized separate.. 

liic-ir circuit for the following functions using the 
EXAMPLE 6.56 Design a multiple output logic ctrcuit tor 

tabular method. 

f. = I m(2, 3, 7, 10, II, 14) + d(l, 5, 1^) 
f, = I m(0, 1, 4, 7, 13, 14) + d(5, 8, 15) 

Solution 

The prime implicants are obtained as shown in the table on the next page. 






























































-26 Fundamentals of Digital Circuits 


Minterm 


Step 1 

f, 


Step 2 


Step 3 


0 

0 
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0, 1 (1) 

i 

0 
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0. 1, 4, 5 (1. 4) 
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0 

*2 

1 F 

1 
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1 
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0, 4 (4) 
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1, 3, 5. 7 (2. 4) 

1 

0 E 
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1 
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1 
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1 

0 
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0 
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■/ 
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1 
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0 





13 

0 

1 
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5. 7 (2) 

1 

1 
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14 

1 

1 
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5. 13 (8) 
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1 
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15 
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10, 14 (4) 

1 
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1 
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11, 15 (4) 

1 

0 









13. 15 (2) 
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14, 15 (1) 
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From the above tabic, the prime impficants are. A, B, C, D E F G H I J and K 
The prime imp Meant chart is as shown in the table below. ’ ’ 
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✓ s 
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✓ 

14 
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✓ 
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✓ 
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✓ 
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✓ 

7 


✓ ✓ 
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X 
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X 
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al, ,he'minterms co3'by STS it™ tHoInd “ ° Checkoul 

an essential prime impheant to cover 14 So onlv 7 of f i o ' S d rLjdy ,hcrc 111 as 

’ only 7 of f t >s left uncovered. This 7 can be 
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covered by C, E, H, or 1. Out of these, C or E can be chosen. Both give the same minimum. 
Therefore, 

fj — D + G + C = x 2 x 5 + X|X 2 Xj + 

For f 2 , 0 d 4, 1 zo 4, 7 13. So, remove columns 0, 1, and 7. G, F, and B are the 

essential prime implicants because minlcrms 14, 4, and 13, respectively, arc covered by 
them only. Also, they cover all minlcrms. Therefore, 

f 2 = G + F+ B = x,x 2 x 3 + x | x j + x 2 x 4 

Looking at the expressions for f, and f 2 , we observe that the term X|X 2 x 3 is common 
to both f. and f 2 . The logic diagram based on this minimization is shown below. 



SUMMARY 

• The K-map is a chart or a graph composed of an arrangement of adjacent cells, each 
representing a particular combination of variables in a sum or product term. 

• An n-variable K-map will have 2 n cells or squares. 

• The use of K-rnaps is usually limited to six variables. 

• A standard or canonical or expanded SOP form is one in which each one of the 
product terms contains all the variables of the expression ether in complemented or 

non-complementcd form. 

• A standard or canonical or expanded POS term is one in whiv.li each one of the sum 
terms contain all the variables of the expression cither m complemented or non- 

complemented form. 

• Each one of the product terms in ihc canonical SOP form is called a mimcrm. 

. Each one of the sum terms in the canonical POS form is called a maxterm. 

• A standard SOP form can always be converted into a standard POS form by treat,ng 

,i ^ r- .i OfYD fi'irm a*; tht? HlilXtCmiS Gl tuC rUo lOfTTh 

the missing mmterms of the SOI torm as mt 

. . , Ko inverted to a standard SOP form by treatinc 

• A standard POS form can always be convcrtLU w «* _ * b 

. . . f ,l orv*! f/vrm as the mmterms ot the SUt torm. 

the missing maxteims ot the l ub torm 
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runda men ta Is of Digital Circuits 


Two squares are said to be adjacent to each other, if their min (max) terms differ in 
only one variable. 

Tv.o mimerms or maxterms can be combined, only if they are adjacent to each other 

A real minimal expression is the minimal of the SOP and POS minimals. 

The binary number designations of the rows and columns of the K-map are in Gray 
code. v .. j 

The main criteria in the design of digital circuits is the cost (indicated by the number 
of gate inputs) which must be kept to a minimum. 

The squares may also be formed by wrapping around the K-maps. 

2-squares. 4-squares, or 8-squares, etc. form either geometric squares or rectangles. 

A 2-square is called a pair, a 4-square is called a quad, and an 8-square is called an 

octet. 

A 2-square eliminates one variable, a 4-square eliminates 2 variables, an 8 -squarc 
eliminates 3 variables, a 16-square eliminates 4 variables, and so on. 

n me- and six-variable K-maps, squares in two blocks are considered adjacent, if, 

when superimposing one block above or beside the other block, the squares coincide 

with one another. 

Combinations for which the value of an expression is not specified, are called “don’t 
care” combinations. 

Incompletely specified expressions are those which are not specified for certain 
combinations. 

An SOP expression with don't cares can be converted to a POS form by keeping the 

con t cares as they are and writing the missing minterms of the SOP form as the 
maxterms of the POS form, and vice versa. 

Ir. K-maps, don't care terms are used only if they help in reducing the expression. 
Otherwise, they need not be considered. 

i each one of the input signals has to pass through two gates to reach the output, 

! ca * L two-level logic. The SOP and POS forms of realization give two-level 

Two-level logic provides uniform propagation delay between the input and the output, 
but may not yield the real minimal, 

hv .rid logiv.. different input signals pass through different number of gates to reach 
the output. ® 

Hybnd logic does not produce uniform time delay and may suffer from the problem 

° ° S1C raCC ’ but results ,n a circu 't with the least number of gate inputs. 

Variable mapping (variable entry mapping) technique can be used to minimize the given 
Boolean expressions which involve infrequently used variables. 

VariabIe mappin .f technique a| t°ws us 10 reduce a large mapping problem to one that 
uses just a small map. 

The Quine-McClusky method, also known as the tabular method, is a more systematic 
method -r^ar, f ric K-mao for minimizino ~ i_ i * » t .. 
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In the tabular method, the condition that the binary designations of two combinable 
terms must differ by a power of 2 , is necessary but not sufficient. 

Two terms whose codes differ by a power o 2 but which have the same index cannot 
lie combined because these terms differ in more than one variable. 

The ‘index’ of a term indicates the total number of Is present in that term. 

A term with a smaller index but having a higher decimal value cannot be combined 
with a term whose index is higher even though they may differ by a power ot 2 , 
because they would differ in more than one variable. 

The terms which cannot be combined further in the tabular method are called prime 
implicants. These terms may occur in the final expression. 

Essential prime implicants are the implicants which will definitely occur in the final 


xpression. 

iach essential prime implicant will cover at least one minterm which is not covered 
iy any other prime implicant. 

rhe prime implicant chart is a pictorial representation of the relationships between the 
>rimc implicants and the minterms of the expression. 

Jon’* care minterms are used in the table, only to obtain the set of prime implicants. 
rhey are not used in the prime implicant chart to obtain the essential prime implicant!,. 

\ n y row in a prime implicant chart is said to dominate any other row, if the first row 

ras a x in every column in which the second row has ax. 

\ny column in a prime implicant chart is said to dominate any other column, if the 
first column has a x in every row in which the second column has an x. 

Ml dominating columns and dominated rows can be removed while drawing the 

reduced prime implicant chart. 

If the prime implicant chart has no essential prime implicants and dominated rows and 
dominating columns, the minimal expressions can be obtained bj the ran.mg me 10 . 
A minterm fills with Is the minimum possible area of the K-map, short ot Idling no 
area at alL Hence, the name minterm. 




QUESTIONS 

. 9 xjame its advantages and disadvantages, 

at do you mean by a k-map ; Name ns auwu h 

w many cells are there on an ^-variable K niaj 

iat are SOP and POS forms of Boolean expressions 

. i ,f inmifc to rea ize a Boo can expression? 
w do you determine the total number of gate inputs to realize 

w do you convert an SOP form to a POS form and vice versa, 

iat do you mean by minterms and maxterms ol Boolean expressions _ 

iat is cell of a K-map? What is mean, by a pair, a 4 uad and an octet ol a K-map? 

iat do Is and Os on the SOP K-map represent? Whal do Os and Is on the POS 














ftwiiwifBfli/s of Digital Circuits 

a . V\hai do you mean by adjacent squares of a K-map? 

UK V\ rite a procedure to reduce K-maps. 

11 . \\hat do you mean by a real minimal expression? 

1 -- Wha: is the main criteria for the design of digital circuits? 

-c. How do you compare the cost of realizing a circuit from the Boolean expressions? 
14 V\nte the codes of binary designations of rows and columns of a four-variable K-map 

15. What do you mean by don't care combinations? 

16. What are incompletely specified functions? 

mean by two-level logic? What is its main advantage? 

18. V\hat is hybrid logic? What are its main advantages and disadvantages? 

1°- vS ha: is the criteria for the minimization of multiple output switching functions? 

20 . What are the advantages and disadvantages of the tabular method vis-a-vis the K-map? 
- 1 - ^ hat do you mean by variable mapping? What are its advantages? 

22. What is meant by ‘index’ of a term in the tabular method? 

23. When can two minterms or maxterms be combined? 

-4. In the tabular method, why two terms whose codes differ by a power of 2 but which 
have the same index cannot be combined? 

>yhv a term w ith a smaller index but having a higher decimal value cannot be combined 
' ith a term whose index is higher, even though they may differ by a power of 2 ? 

2 b. w hat do you mean by (a) a prime implicant chart and (b) a reduced prime implicant 

chart? 

What is truant b) a prime implicant, an essential prime implicant, and a secondary 
essential prime implicant? 

28. ATiat are dominating rows and dominating columns? 

29. Does elimination of dominating columns and dominated rows end the search for a 
minimal expression? If not, why not? 

30. When do you use the branching method? 

31. How do you get all the possible minimal expressions by the tabular method? 

32. wnat does tag indicate in multiple output minimization using tabular method? 

33. How many variables arc eliminated by (i) a 2-square, (ii) a 4-square, (iii) an 8 -squarc, 

and (iv) a 16-square? 

PROBLEMS 

6.1 Convert to minterms: 

(a) A - BC ^ (b) A- + B + CA 

c) ABC ~ AB DC * D (d) ABCDE + ABE + ACD 
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, 2 Convert to maxterms. 

(a) A(B + C) _ _ (b) (A + B) (A + D) 

(c) (A + B + D) (A + C + D) (d) A(A + B) (C) 

, 3 j.j oW many gate inputs are required to realize the following expressions? 

(a) ABC + ABC + ABCD + ABD 

( b) WXY + WXZ + VUX + XYZW 

(e) A + BC + DEF 

(d) (A + C) (A + B + C) (A + C + D) (A + B + C + D) 

(c) A(B + D) (A + C + E) (B + C + D + E) 

(f) (A + B) (C + D) (E A F + G)D 

6.4 Reduce the following expressions using K-map. 

(a) AB + ABC + ABC + BC 

(b) ABC + AB + C + BC + DB 

(c) AB + AC + C + AD + ABC + ABC 

(d) ABC + B + BD + ABD + AC 


6.5 Reduce the following expressions using K-map. 

(a) (A + B) (A + B + C) (A + C) 

(b) A(B + C) (A + B) (B + C + D) 

(c) A + B(A + B + D) (B + C) (B + C + D) 

6.6 Obtain the minimal SOP expression for £ m( 2 , 3, 5 , 7, 9, U» 12, 13, 14, L ) 

implement it in NAND logic. 

6.7 Obtain the minimal POS expression tor FI M( 0 , 1 , 2 , 4, 5, 6 , 9, 11 , 
and implement it in NOR logic. 

6.8 Reduce fl M(l, 2, 3, 5 , 6 , 7 . 8 , 9 , 12, 13) and implement it in umversa og^ 

6.9 Reduce the following expressions using K-map and implenunt tKm in 

(a) I m(5, 6 , 7, 9, 10, 11, 13, 14, 15) 

(b) Z m( 0 , 1 , 2 , 3 , 4 , 6 , 8 , 9, 10 , 11) 

(c) II M(l, 4, 5 , 11 , 12 , 14) • d( 6 , 7, 15) 

(d) FI M( 3 , 6 , 8 , 11 , 13, 14) • d(l, 5. 7. 10 ) 

(e) £ m(0, i, 4 , 5 , 6 , 7, 9 , 11 , 15) + d(l0, 14) 

(0 £ m( 9 , 10 , 12 ) ■- d( 3 , 5, 6 , 7, II, 13, 14, 15) 

6-10 Simplify the following logic expressions and realize them u. w 


— S m( 6 , 9, 13, 18, 19, 25, 27, 29, 31) ,q 2 0 ) 

(b) 1 NO, 2, 3, 10, 12, 16, 17, 18, 21, 26, 27) + d(H,• ' ’ 4Q 4 , 42< 43 ) 

< c ) £ m( 0 , I, 2, 4, 5, 7. 8 . 9, 10. 14. 15. 17, 19. 20. 28, 29, 34, 38. 40. 
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(d' I m<4, o. $, 4. 10, 12, 13, IS, 19, 25. 26. 29. 33. 35, 36, 41, 42. 48. 49 50 
56. 57) + d(0, 1, 11, 15, 30, 3S, 40) ’ ’ 


o.’I Obtain the minima; expression using the tabular method. 

(a) I m(0, l, 3, 4, 5, 7, 10, 13, 14. 15) 
lb) I m(0, 2. 3, 6, 7, 8, 10, 11, 12, 15) 

(c) I mO), l, 3, 4, 5, 6, 7, 13, 15) 

(d) 0 M(6, 7, 8, 9) ■ d(10, 11, 12, 13, 14, 15) 

(e) n M( 1, 5, 6, 7, 11, 12, 13, 15) 

(f) I mil. 5, 6, 12, 13, 14) + d(2, 4) 


^ 12 Minimize and implement the following multiple output functions in SOP form using 

(l) K.-maps and (2) the tabular method. 

(ai f, = Z m(l, 2, 5, 6, 8, 9, 10) 

f : = I m{2, 4, 6, 8, 10, 12, 15) 

(b) f, = Z m(0, 1, 4, 6, 8, 9, II) + d(2, 7, 13) 

f : = I m(2, 4, 5, 7, 9, 12) + d(0, 1, 6) 

(c) f, = I m(0, 1, 2, 4, 6, 7, 10, 14, 15) 

f : = I m(3, 4, 5, 9, 10, 11, 14) 

(d) f, = I m(2, 3, 7, 10, II, 14) + d(l, 5, 15) 
f 2 = I m(0, 1, 4, 7, 13, 14) + d(5, 8, 15) 


f».13 Reduce the following expressions using a three-variable map. 

(a) ABC + A BCD + ABCD + ABC 

(b) ABEC + ABCD + ABCE + ABCD + ABC 

c \ BCD + A BCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD 
(dt m, + Dm, + m 3 + Dm 5 + m 7 + + Dm 6 ) 

(e) Em ; + m 3 + m 4 - Dm 5 + Dm- + d{mQ + Em, + Em 6 j 

(f) Dm-, + Dm 5 + m 6 + d(m, + Dm 7 

6.14 Solve the following equations using a four-variable map. 

ta) Q = + m 2 * Fm 6 + m 7 + Em g + Em l0 + m l2 + m J4 + Fm| 5 

b R = mo + m 2 Fm 4 + Gm- + Fm, + m, 0 + Em u + m t2 + Em 14 + m, s 

. $ - m, + Fm 2 + Gm 4 + m 6 + Fm, + Hm^ + (F + G)m ]0 + d[(F + G)m<,. + Gm 5 

+ m- + m 14 + Fm,<] 

d T = Emo + Hm, ■+• Fm 2 ^ (E + G)m 6 + m 8 + d(m 10 + Em, 4 + Gm 7 ) 
lc) U - Em 3 + m 5 + m 7 + Fm 10 + m l2 + m 14 

f O * - trio * ( E * Gim- - Em 5 + Gm )0 + Fm tJ + m l4 + m )5 + d(m, + Em 4 + Fm # 

jEH + Fia,) J &. [ | 


Chapter 7 


COMBINATIONAL CIRCUITS 


7.1 THE HALF-ADDER 

Arithmetic circuits are the circuits that perform arithmetic operations. A halt-adder 

arithmetic circuit adds two binary digits, giving a sum bit and a carry bit. 

The sum (S) bit and the carry (C) bit, according to the rules of binary addition, are 

given by: 


Inputs 

A B 

Outputs 

s c 

0 

0 

0 

0 

0 

1 

1 

0 

1 

0 

1 

0 

1 

t 

0 

1 


The sum (S)' is the X-OR of A and B. Therefore, 

S = AB + BA = A © B 

The carry (C) is the AND of A and B. Therefore, 

C = AB 

A half-adder can, therefore, be realized by using one X-OR gate and one AND gate as 
“7 half.adder can also be realized in universal logic by ustng cither only NAND gates or 



Fig, 7.1 Logic diagram of a half-adder. 
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XAXD logic 


S = AB + AB = AB + AA + AB + BB 


A • AB 


A(A + B) + B(A + B) 


= A AB + B AB 


A 

B 


= A • AB ■ B • AB 


C = AB = AB 



-C 


A OR logic 


Fig. 7.2 Half-adder using NAND logic 


S = AB + AB = AB + AA + AB + BB 
= A(A + B) + B(A + B) 

= (A + B) (A + B) 


A + B + A • B 


C = AB = AB = A + B 


7.2 THE FULL-ADDER 



Fig. 7.3 Half-adder using NOR logic 


A hl,!-adder is an arithmetic circuit that adds two bits and a carry and outputs a sum bit 
and a carry bit What we want to add two binary numbers, each having two or more bits, 

, f n LSBs ca " I* added hy usin S a half-adder. The carry resulted from the addition of the 
c„ S 15 camed ° vcr 10 ' hc "«• significant column and added to the two bits in that column. 

r SKOn i “A' ilgher columns ’ ,he t '*’° dala bits of that column and the carry bit 
generated from the addition in the previous column need to be added 

The hill-adder adds the bits A and B and the cany from the previous column called the 

C *2Z C ‘.‘‘" d ° Utp “ ,s s “ m b “ S and *e carry bit called the carry-out C M . The block 
diagram a.nd .he imth table of a LaI warn 


Inputs 


Sum 

Carry 




A —B— 


~~5— 

~TST 




0 0 

0 

0 

0 




0 0 

1 

1 

0 




0 1 

0 

1 

0 




0 1 

1 

0 

1 




1 0 

4 A 

0 

1 

0 

A 



1 U 

1 

0 

1 

A 

-► 


-► s 

1 t 

0 

0 

1 

B - 

-► 

Full-adder 


1 1 

1 

1 

1 

c„- 



- ► 


(a) Turth table 


(b) Block diagram 
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From the truth table, a circuit that will produce the correct sum and carry bits in 
response to every possible combination of A, B, and C,„ is described by 

S = ABC, + ABC in + ABC jn + ABC;, = A ® B © c* 

and __ _ 

C ou , = A BC in + ABC in + ABC in + ABC jn = AB + (A © B)C in = AB + AC in + BC m 

The sum term of the full-adder is the X-QR of A, B, and C in , i.e. the sum bit is the 
modulo sum of the data bits in that column and the carry from the previous column. The 
logic diagram of the full-adder using two X-OR gates and two AND gates {i.e. two half¬ 
adders) and one OR gate is shown in Fig. 7.4. 


Half-adder Half-adder 



Fig. 7.4 Logic diagram of a full-adder using two half-adders. 


Even though a full-adder can be constructed using two half-adders as shown in 
Fig. 7.4, the disadvantage is that the bits must propagate through several gates in 
succession, which makes the total propagation delay greater than that ot the tull-adder 
circuit using AOI logic as shown in Fig. 7.5. 



s 


Fig. 7.5 Sum and carry bits of a 



full-adder using AOI logic. 


T he full-adder can also be realized using 
or on| y NOR gates as explained below. 


universal logic, i.e. either only NAND gates 



























































































































































:3o 


*n%:jmentais of 


- ■ V - ■ 4* 4 


C I r cutis 


Let 


A © B = A • AB ■ B • AB = X. Then 


S = A e B ® C in = X - xc ifl - C in • XC in = x ® c m 


C OUI = C in (A © B) + AB = C in (A © R) - AB 



A OR logic 

Let A © B = X = (A + B) + A + B 

* 

S = A © B © C in = X © C in = X +C in + X + C~ tt 
L out - AB + Cj n (A © B) — A + B + Cj n A © B 


A 

m sqsifc-j 



B —< 

- 


J 





'put 


^ 3 Logic diagram of a full-adder using only 2-input NOR gates. 


7.3 THE HALF-SUBTRACTOR 

.A haif-wfcmacior is an arithmetic circuit that subtracts one bit from the other. It is used 
■ 0 subtract the LSB of the subtrahend irom the LSB of the minuend when one binary 
number is subtracted from the other. 
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kiinw that, when a bit B is subtracted from another bit A, a difference bit (d) and 
borrow bit (b) result according to the rules given below: 


Inputs 

A B 

Outputs 
d b 

0 

0 

0 

0 

1 

0 

1 

0 

1 

1 

0 

0 

0 

1 

1 

1 ' 


A circuit that produces the correct difference and borrow bits in response to every 
possible combination of the two 1-bit numbers is, therefore, described by 

d = aB + BA * A © B and b = AB 

That is the difference bit is obtained by X-ORing the two inputs, and the borrow bit is 
obtained by ANDing the complement of the minuend with the subtrahend^ FigureT.8 shows 
two Togic diagrams of a half subtractor-one using an X-OR gate together w,.h one each 



Fig. 7.8 Logic diagrams of a half-subtractor. 


A half-subtractor can also be realized using universal 
gates or using only NOR gates—as explained below. 


NAND logic 


d = A © B = A • AB • B ■ AB 

b= AB = B(A + B) = B(AB)= BAB 


Fig. 7.9 



Logic diagram of a 


half-subtractor using 


only 2-input NAND gates. 
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NO* logic 


d = A © B = AB + AB = AB + BB + AB + AA 

= B(A + B) + A (A + B) = bTTTb + A+T71 
b = AB = A (A + B) = A (A +' B) = A + (ATI) 


Fig. 7.10 



Logic diagram of a half-subtractor using only 2-input NOR gates. 


7.4 THE FULL-SUBTRACTOR 


The half-subtractor can be used only for LSB subtraction. If there is a borrow durinu the 

^ tr f^' on ? ?* LSBs, u affects the subtraction in the next higher column; the subtrahend bit 
IS subtracted from the minuend bit, considering the borrow from that column used for the 
subjatmoti in the preceding column. Such a subtraction is performed by a full-subtractor. 

enh^rf r K ()m an0th£T bit < A >> whe " 'here is a borrow b, from this 

olumn for die subtraction in the preceding column, and outputs the difference bit (d) and 

ofVfrT' n'Lf reqU ' r ? d from the nexl column - The block diagram and the truth table 
or a nill-subtractor are shown below. 


Inputs 

Difference 

Borrow 

A B b; 

d 

b 

ooo 

0 

0 

0 0 1 

1 

1 

0 1 0 

1 

1 

0 1 1 

0 

1 


1 

0 

0 

1 

0 

A 



1 

0 

t 

0 

0 

A - - 



-► d 

1 

1 

0 

0 

o 

e- 


Full-subtractor 


1 

1 

1 

1 

1 

b,- 



-► b 


(3j Turth table (b) Block diagram 


From the truth table, a circuit that will produce the correct difference and borrow bits 
:r. response io every possible combination of A, B, and b, is described by 

d = A Bb, + ABb, + ABbj + ABb, 

= b,(AB + AB)+ b j(A B + AB) 

- b 4 (A © B) + b j(A © B) = A © B © bj 


Combinational Circuits 239 


and _ „ _ _ _ _ 

b = A Bbj + A B b; + A Bb ; + ABb, = A B + (A © B )b, 

. full-subtractor can, therefore, be realized using X-OR gates and AO! gates as shown 

in Fig* 7.11* 



Fig. 7.11 Logic diagram of a full-subtractor. 


The full subtractor can also be realized in universal logic using either only NAND gates 
or only NOR gates as explained below. 

NAND logic 

d = A©B©b,= (A© B)(A© B)bi -bj(A© B)b, 

b = AB + bj(A~©B) = AB + b,(A © B) 

= AB • bj (A © B) = B(A + Ij • bj [bj + (A © B)] 

= B ■ AB • bj [bj • (A © B)] 



Nor logic 


d = A © B © bj 
= (A © B)bj + (A r ©^B)b i 

= [(A © B) + (A © B) % ] [b, + ( A ® 1 

= (A © B) + (A^B)^ + bj + (A © B) + bj 



























































































































































































'f tfl 


-40 r u n:ulsojDigital Circuits 


^ (A $ B) + (A ® B) + bj + b, + (A ® B) + bj 

b = AB + bj (A © B) 

= A (A + B) + (A © B) [(A ® B) + b,] 

= A + (A + B) + (A © B) + (A © b 7 + b" 



Fig. 7.13 Logic diagram of a full subtractor using only 2-input NOR gates. 


7.5 PARALLEL BINARY ADDERS 


- „ -adder is capable of adding two 1-bit binary numbers and a carry-in. When tw'o «-bit 
binary numbers are to be added, the number of fuil-adders required will be equal to the 
_ be oi r:ts n in each number. Of course, the addition of LSBs can be done by using 
e -er a half-adder or a full-adder with C m terminal grounded. The carry-out of each full- 
adder is connected to the carry-in of the next higher order adder. In practical parallel adders, 
the least significant stage is also a full-adder to facilitate cascading. A parallel adder is used 
- U - L - v ° numbers * n parallel form and to produce the sum bits as parallel outputs. A block 
a gram d. a 4-r it parallel adder capable of adding two 4-bit numbers designated as 
^and BjB^BjBq is shown in Fig. 7.14. The resulting output sum bits are S^StSiSq. 

For example, if AjA 2 A|Aq = 1101 and = 0101, we have 





1 



i 


Bo 

+ 1 
B, 

+ 0 
b 2 

+ 1 
B 3 

+ 0 



C in 

0 

S 0 

= 0 

c 

'-out 

1 


1 

C in 

S, 

c 1 

'-'out 

+ 

1 

= 1 

0 

1 J 


1 

c 

^ m 

s 2 

C 1 

+ 

0 

= 0 

1 

t J 


Ch 

S3 

C 1 

'-'out 

+ 

1 

= 0 

I 

- -J J 


t 

S 4 


Least significant stage 


Most significant stage 
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We see that SjSjS^Sq — 0010. Since the carry-out trom the most significant stage is 
i ), we have an overflow, i.e. the sum (10010) must be expressed in 5 bits. 


Parallel inputs 


\ 



--“ 

Parallel outputs 


Fig. 7.14 A 4-bit parallel binary adder. 


Cascading Parallel Adders 

An 8-btt parallel adder can be constructed by cascading two 4-bit parallel adders as shown 
in Fig. 7.15. One 4-bit adder (the lower order adder) is used to add the 4 LSBs of the inputs 
and the other (the higher order) adder adds the 4 MSBs, The carry-out trom the lower order 
adder is the carry-in to the least significant stage ot the higher order adder. Additional adders 
can be cascaded to create parallel adders for any number ot bits. 


The Ripple Carry Adder 

In the parallel adders discussed above, the carry-out of each stage is connected to the carry- 
in of the next stage. The sum and carry-out bits of any stage cannot be produced, until 
some time after the carry-in of that stage occurs. This is due to the propagation delays in 
the logic circuitry, which lead to a time delay in the addition process. The cany propagation 
delay for each full-adder is the time between the application oi the carry-m and t e 

occurrence of the carry-out. 

Referring to the 4-bit parallel adder in Fig. 7.14, w-e see that the sum (V and carry- 
ou » (C out ) bits given by FA 0 are not valid, until after the propagation delay of FA t , Similarly, 
S] is not valid until after the cumulative propagation delay ot two fu a ers ^ Aq an i * 
^d so on. At each stage, the sum bit is not valid until after the carry bits m all the preceding 
stages are valid. In effect, carry bits must propagate or ripple through a stages e «« 

"tost significant sum bit is valid. Thus, the total sum (the parallel output) is not valid 

afte 7 h he ^ulative delay of all the adders. to the next 

The parallel adder, in which the carry-out ofeach num J r of bits that a 
^significant adder is called a ripple carry adder. The g m a valid addltion . 

I pie carry adder must add, the greater the time required 
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Higher order adder 


A. B, A, B» A, B, A 4 B 4 



f '9 7.15 An 8-bit parallel adder obtained by cascading two 4-bit parallel adders. 


umbers arc added such that no carries occur between stages, then the add time is 
simply the propagation time through a single full-adder, 

7-6 THE LOOK-AHEAD CARRY ADDER 

In the case of the parallel adder, the speed with which an addition can be performed is 

governed by the time required for the carries to propagate or ripple through all of the stages 

of the adder. The look-ahead carry adder speeds up the process by eliminating this ripple 

cany delay. It examines all the input bits simultaneously and also generates the cany-in bits 
for all the stages simultaneously. 

j method ot speeding up the addition process is based on the two additional functions 
of the full-adder, called the carry ■ generate and carry propagate functions. 

The cany generate (CG) function indicates as to when a carry-out would be generated 
by the full-adder. A carry-out is generated only when both the input bits are I. This 
, non is expressed as the AND function of the two input bits A and B. Thus, 

CG = A • B 

A carry-in may be propagated by the full-adder when either or both of the input bits 
are 1 This condition is expressed as the OR function of the inputs A and B. Thus, 

CP = A + B 








I 
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A full-adder that produces CG and CP outputs for use in a look-ahead carry adder is 
shown in Fig. 7.16. 


•0 


S = A © B ® C„ 


CG = A - B 


CP = A + B 


Fig, 7.16 A full-adder that produces CG and CP functions, 


The carry-out (C out ) of a full-adder is a I, if the CG is a I OR if the CP is a t AND 
the carry-in (C jn ) is a I. In other words, we get a carry-out of a 1, if it is generated by 
the full-adder (A = 1 AND B = 1) or if the adder can propagate the carry-in (A — 1 OR 
B = 1) AND C jn = 1. That is. 


C oul = CG + CP 


m 


For a 4-bit parallel adder, the carry-out (C oul ) of each full-adder is dependent on its 
carry generate (CG), carry propagate (CP), and its carry-in (C ln ). 

The CG and CP functions for each stage are immediately available as soon as the input 
bits A and B and the carry-in to the LSB adder are applied, because they are dependent only 
on these bits. The carry input to each stage is the carry output of the previous stage. 

Based on these, the expressions for carry-outs of various full-adders are: 


Full-adder FA„: 


outG 


= CG 0 + CP rt • C; 


o 


inO 


Full-adder FA,: 


= C 


c . = 

v out I 


outO 

CG, + CP, • C int 
CXi, + CP, • C oul0 


= CG, + Cr,(CG 0 + CP 0 ■ C jn0 ) 


= CG, + CP, • CG 0 + CP, ■ CP 


0 


Full-adder FA,: 


C in2 = C 


oil 1 2 


c 


out 2 


out I 

= CG, + CP, ■ C in2 
= CG 2 ■*" CP 2 ■ C out , 

= CG 2 + CP, (CG, + CP, 


CG fl + CP, • CP 0 • C in0 ) 


mO 


CG, + CP, ■ CG, + CP, ■ CP, ■ CG 0 + CP, • CP, ■ CP 


o 


inO 
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Full-adder FA 3 : 

r. . * r 

- m3 ^ out2 

C„„o = CGj + CP, ■ C in , 

= CG, + CP, • C out2 

= CG, + CP,(CG, + CP 2 ■ CG, + CP 2 • CP, • CG 0 + CP 2 ■ CP, ■ CP 0 . c,„ 0 ) 

- CG, + CP, ' CG, + CP, • CP 2 • CG, + CP, • CP 2 • CP, ■ CG„ + CP, . CP 

■ CP, • CP 0 • C M 2 

in each of the above expressions, the carry-out of each full-adder stage is dependent 
only on the initial carry-in, C in0 , its CG and CP functions, and the CG and CP functions 
of the preceding stages. Since each of the CG and CP functions can be expressed in terms 

c: inputs A and B to the full-adders, all of the output carries are immediately available 

except for gate delays) and there is no need to wait for a carry to ripple through all of 
tr.c stages before a final result is achieved. Thus, the look-ahead carry adder speeds up the 
uddition process. The logic diagram of a look-ahead carry adder is shown in Fig. 7.17. 



7.7 1C PARALLEL ADDERS 

« ; ' a parallcl addcrs arc “ 1Cs - The most common one is a 4-bit parallel adder 

IC that contains four interconnected full-adders and a look-ahead carry circuit needed for 

high speed operation. The 7483A, the 74LS83A, the 74283, and the 74LS283 are all TTL 
4-bit parallel adder chips. 
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Figure 7.18a shows the functional symbol for the 74LS83 4-bit parallel adder (and its 
equivalents). The inputs to this IC are two 4-bit numbers, AjA 2 A|Ag and and the 

carry C 0 , into the LSB position; the outputs are the sum bits S 3 S 2 S,S 0 and the carry C 4 out 
of the MSB position. The sum bits are often labelled 

Cascading ic Parallel Adders 


The addition of large binary numbers can be accomplished by cascading two or more 
parallel adder chips. Figure 7.18b shows the cascading of two 74LS83 chips to add two 
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Fig. 7.18 IC parallel adders. 
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S-bit numbers. The adder on the right adds the 4 LSBs ol the numbers. The C 4 output 
of :his adder is connected as the input carry to the first position of the second adder 
which adds the 4 MSBs of the numbers. The eight sum outputs represent the resultant 
sum of the two 8 -bit numbers, i he C 8 is the carry-out of the last position (MSB) of the 

second adder. The C s can be used as an overflow bit or as a carry into another adder 

stage if still larger binary numbers are to be handled. 

7.8 TWO'S COMPLEMENT ADDITION AND SUBTRACTION 
USINC PARALLEL ADDERS 

Most modem computers use the 2’s complement system to represent negative numbers and 
to perform subtraction. Both the addition and subtraction operations of signed numbers can 
be performed using only the addition operation, if we use the 2 ’s complement form to 
represent negative numbers. 

Addition 

Positive and negative numbers including the sign bits can be added together in the basic 
parallel adder circuit, when the negative numbers are in the 2’s complement form. This is 

illustrated in Fig. 7.19a for the addition of - 4 and + 7. The - 4 is represented in its 2’s 

complement 'orm as 1100, where the left most bit 1 is the sign bit; the + 7 is represented 
as 0111, with the left most bit 0 as the sign bit. These numbers are stored in their 
'"responding registers. The 4-bit parallel adder produces the sum outputs 0011, which 
represents + 3. The carry-out C 4 is a 1, but is discarded in the 2’s complement method. 

Subtraction 

:. the _ s complement method, the subtrahend is changed to its 2 ’s complement form and 

-• added to the minuend. The sum outputs o the adder circuit represent the difference 
between the minuend and subtrahend. 

Figure 7.19b shows an arrangement to subtract the number B 3 B 2 B,B 0 from the number 
AjAjAiAq. These numbers are first stored in registers A and B, respectively. Since the 2 ’s 
complement of a number is obtained by complementing its each bit and then adding I to 

the LSB, the complemented number B 3 B 2 BiB 0 is fed to the adder along with A 3 A 2 A[Ao’ 
!ii. L is made a 1 and added to the LSB of the adder; this accomplishes the same effect 

as adding a 1 to the LSB of B 3 B 2 B,Bo for forming its 2’s complement. The output 
S 3 S 2 S|S 0 represents the result of the subtraction operation. Of course, S 3 is the sign bit of 

the result and indicates whether the result is negative or positive. The carry-out CL is again 
disregarded. 

l 8 ure 7.20 shows a complete circuit that can perform both addition and subtraction 

in _ s complement. This adder subtractor circuit is coni rolled by the control signal ADD/SLIB. 

/. 1 e he ADD/SUB level is HIGH, the circuit performs the addition of the numbers stored 

in registers A and B. When the ADD/SUB level is LOW, the circuit subtracts the number 
in register B from the number in register A. The operation is described as follows: 
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Fig. 7.19 Two’s complement addition and subtraction using parallel adders 


When ADD/SUB - 1 

1 . AND gates 1, 3, 5, and 7 are enabled, allowing B 0 . B„ B 2 , and B 3 to pass to the 
OR gates 9, 10, II, and 12. AND gates 2, 4, 6 . and 8 are disabled, blocking B 
Bj, B,. and B ? from reaching the OR gates 9, 10, 11. and 12. 

2. The levels B 0 to B, pass through the OR gates to the 4-bit parallel adder, to be added 
to the bits A 0 to A 3 . The sum appears at the outputs S 0 to S 3 . 

3 aDD/SUB = 1 causes no carry into the adder. 
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Register B 



Fig. 7.20 Parallel adder/subtractor using 2's complement system 


When ADD/SUB is a 0. 

1. AND gates 1. 3, 5, and 7 are disabled, blocking B 0 , B h B 2 , and B, from reaching 

93 § a * es 11. and 12. AND gates 2, 4, 6, and 8 are enabled allowing B 0 , 

Bj, B 2 , and B 3 to pass to the OR gates. 

The le\e!s B 0 to B 3 pass through the OR gates into the 4-bit parallel adder, to be 

added to bits Aq to A 3 . The C 0 is now 1. Thus, the number in register B is 
converted to its 2’s complement form. 

3. The difference appears at the outputs S fJ to S 3 . 

Circuits like the addcr/subtractor of Fig. 7.20, arc used in computers because they 
provide a relatively simple means for adding and subtracting signed binary numbers. In most 
computers, the output is usually transferred into the register A (accumulator), so that the results 
of the addition or subtraction always end up stored in the register A. This is accomplished by 
applying a transfer pulse to the CLK inputs of register A. 

7.9 SERIAL ADDERS 

A serial adder is used to add serial binary numbers. Since the bits arc added serially, that 
is, one pair of bits at a time, only one full-adder is required for this addition as shown in 
Fig. 7.21. 
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Fig. 7.21 A serial adder. 


The serial input bits appear in synchronism, first the LSBs A<) and B 0 , then after one 
clock pulse Aj and B n after another clock pulse A 2 and B ; , and so on. The carry bit 
generated in any one of these additions must be saved and added to the next-higher-order 
pair of input bits, fhe purpose of the flip-flop in the circuit shown is to store the carry bit 
C uu[ for the duration of one clock pulse, and then present it as C m when the next pair of 
input bits is added. The output sum bits are shifted into the output register, as the input bits 
are shifted out of the input registers as inputs to the full adder. In practice, the output bits 
are often shifted into one of the input registers behind the data being shifted out. The 
register, which contains one of the binary numbers to be added before the addition 
commences and then contains the sum after the addition is completed, is called an 
accumulator. 

Serial adders are slower than the parallel adders, since they require one clock pulse per 
pair of bits to be added. Serial adders are used where circuit minimization is more important 
than speed as in pocket calculators. 

7.10 BCD ADDER 

The BCD addition process has been discussed in Chapter 3. It is briefly reviewed here. 

1. Add the 4-bit BCD code groups for each decimal digit position using ordinary' binary 
addition. 

2. For those positions where the sum is 9 or less, the sum is in proper BCD form and 
no correction is needed. 

3. When the sum of two digits is greater than 9. a correction of 0110 should be added 
to that sum, to produce the proper BCD result. This will produce a carry' to be added 
to the next decimal position. 

A BCD adder circuit must he able to operate in accordance with the above steps. In other 
words, the circuit must be able to do the following. 
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. Add two 4-bit BCD code groups, using straight binary addition. 

-• Determine, if the sum of this addition is greater than 1001 (decimal 9 ); if it j s ac jj 
0110 (decimal 6 ) to this sum and generate a cany to the next decimal position 

The first requirement is easily met by using a 4-bit binary parallel adder such as the 
74LS83 IC. For example, if the two BCD code groups A 3 A 2 A,A 0 and B 3 B 2 B,B 0 aic applied to 

Vt ?' 1 mTb b- adder ' thC addCr Wl11 ° UlPUt 8483825|So ’ whcrc S4 iS actuaII y the carry-out 

-he sum output S 4 S 3 S 2 S,S 0 can range anywhere from 00000 to 10010 (when both the 
BCD code groups arc 1001 = 9). The circuitry for a BCD adder must include the logic 
needed to detect whenever the sum is greater than 01001 , so that the correction can be 
added m. Those cases, where the sum is greater than 1001 arc listed in Table 7 . 1 . 

Table 7.1 


S 4 



Si 


Decimal number 

0 

i 

0 

1 

0 

10 

0 


0 

1 

1 

11 

0 

i 

1 

0 

0 

12 

0 

i 

1 

0 

1 

13 

0 

i 

1 

1 

0 

14 

0 

i 

1 

1 

1 

15 

1 

0 

0 

0 

0 

16 

1 

0 

0 

0 

1 

17 

1 

0 

0 

1 

0 

18 


01001 (i.e. for the cases k^able’7^ jf!L?° HIGH ^ When the sum is grcater than 
HIGH for either of the following condition"' ” ‘ hat X Wil1 bC 

1. Whenever S 4 = 1 (sum greater than 15) 

2. Whenever S, - 1 and either c c , , 

3 either S 2 or S t or both are 1 (sums 10 to 15) 

This condition can be expressed as 

^ ~~ ^4 + S 3 (S 2 + S,) 

to generate a carry. Figure the comoH^' 0 " 0110 t0 thc sum bits ’ and 

the logic circuit implementation for X. P 6 C ClrCUllry for a BCD adder, including 

The circuit consists of three basic parts The iw„ urn . 

B 3 B 2 B,B 0 are added together in the upper 4-bit add,TJI f V A ^ A ' A(i a " d 

logic gates shown implement the expression for X ’ The^lowcT 4bi. SUI d ^ S ]f |S .°. T?® 
correcuon 0110 to the sum bits, only when X = 1 1 l ° Wer L 4 ‘ blt addcr Wl11 add thc 

represented bv I I I T The y w * producing the final BCD sum outpui 

nprc&iniLU ck 1 «c A is also the carry-out thai ic ^ a. 4 . ■ 

greater than 01001. Of course, when X = 0 there is „« Tf P ^ oduccd whcn the sum 15 

such cases, = S^S,S 0 n0 CWTy and no addition of 01 ln 
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Cascading BCD Adders 


The circuit of fig. 7.22 is used for adding two BCD coded decimal digits. When decimal 

numbers with several digits are to be added, it is necessary to use a separate BCD adder 
for each digit position. 


BCD code 



Fig. 7.22 A BCD adder using two 4-bit adders and a correction-detector circuit 


Figure 7.23 is a block diagram of a circuit for the addition of two 3-digit decimal 
numbers. The register A contains 12 bits, which are the three BCD code groups for one 
of the 3-digit decimal numbers; similarly the register B contains the BCD representation of 
the other 3-digit decimal number. The code groups A 3 - Aq and B, B 0 representing the 
least significant digits, arc fed to the first BCD adder. Each BCD adder block is assumed 
to contain thc circuitry of Fig. 7.22. This first BCD adder produces the sum output 
X 3 Z 2 ZiZo» w,lich is die BCD code for the least significant digit of thc sum. it also 
produces a carry-out, that is sent to the second BCD adder. This adder adds A 7 through 
A 4 to B 7 through B 4 , and produces the sum This arrangement can, of course 

be extended to decimal numbers of any size by simply adding more flip-flops to the registers' 
and including a BCD adder for each digit position. 

7.11 BINARY MULTIPLIERS 

In Chapter 2 we discussed binary- multiplication by the paper and pencil method and by 
computer method. The papei and pencil method is modified somewhat in digital machines 
because a binary adder can add only two binary numbers at a time. 
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BCD codes fora 3-digit decimal number 
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BCD codes for a 3-digit decimal number 

Fig. 7.23 Cascading BCD adders to add two 3-digit decimal numbers. 


,» o « a b ^ n 7,K' P ' ier ’ inSttad 0f ! addi " 8 a “ the panial P roduc,s a > '"e end, they are added 

when the multiDlier h r aCC . umulaled ,n a re 8 lslcr (*e accumulator register). In addition, 

•he’flnai resu n ,^ ,i? ’ ? ^ ^ Wntten down and addcd because it does not affect 
!!“ res “ lt ' Instead - the multiplicand is shifted left by one bit 

The multiplication of 1110 by 1001 using this process is illustrated below 


Multiplicand: 1110 

Multiplier: 10 0 1 

1110 

1110 

1110 


+ 1 I 1 0 0 0 0 


The LSB of the multiplier is a 1 ; write down the 

multiplicand; shift the multiplicand one position to the 
left (1110 0). 

The second multiplier bit is a 0; write down the 

previous result 1110; shift the multiplicand to the left 
again (1 1 1 0 0 0). 

The third multiplier bit is a 0; write down the previous 

resu t 1 1 10, shift the multiplicand to the left again 
(1 110 0 0 0 ). 

The fourth multiplier bit is a 1; write down the new 

mu tip icand, add it to the first panial product to obtain 
the final product. 
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P ^ his multiplieation process can be performed by the serial multiplier circuit shown in 

k , ' ' ^ lc multiplies two 4-bit numbers to produce an 8 -bit product. I he circuit 

consists of the following elements. 

X register. A 4-bit shift register that stores the multiplier—it will shift right on the falling 
edge of the clock. Note that 0s arc shifted in from the left. 

H register. An X-bit register that stores the multiplicand; it will shift left on the falling edge 
of the clock. Note that 0s are shifted in from the right. 

A register. An 8 -bit register, i,e. the accumulator that accumulates the partial products. 

Adder, An 8 -bit parallel adder that produces the sum of A and B registers. The adder 
outputs S 7 through S 0 arc connected to the D inputs of the accumulator so that the sum 
can e transferred to the accumulator only when a clock pulse gets through the AND gate. 

The circuit operation can be described by going through each step in the multiplication 
of 1110 by 1001. The complete process requires 4 clock cycles. Refer to Fig. 7.24A for 
the contents of each register and adder outputs as we describe the sequence of steps. 

1. Before the first clock pulse: Prior to occurrence of the first clock pulse, the 
register A is loaded with 00000000, the register B with the multiplicand 00001110, 
and the register X with the multiplier 1001. We can assume that each of these 
registers is loaded using its asynchronous inputs (i.e. PRESET and CLEAR). The 
output of the adder will be the sum of A and B, that is, 00001110. 

2 . First clock pulse: Since the LSB of the multiplier (Xq) is a I, the first clock pulse gets 
through the AND gate and its positive going transition transfers the sum outputs into 
the accumulator. The subsequent negative going transition causes the X and B registers 
to shift right and left, respectively. This, of course, produces a new sum of A and B. 

3. Second clock pulse: The second bit of the original multiplier is now in X 0 . Since 
this bit is a 0 , the second clock pulse is inhibited from reaching the accumulator 
Thus, the sum outputs are not transferred into the accumulator and the number in 
the accumulator docs not change. The negative going transition of the clock pulse 
will again shift the X and B registers. 

4. Third clock pulse: The third bit of the original multiplier is now in X 0 ; since this 
bit is a 0 , the third clock pulse is inhibited from reaching the accumulator. Thus 
the sum outputs are not transferred into the accumulator and the number in the 

accumulator docs not change. The negative going transition of the clock pulse will 
again shift the X and B registers. 



x ^ i—^ ana since 

it is a 1 , the positive going transition of the fourth pulse transfers the sum into the 

accumulator. The accumulator now holds the final product. The negative 

transition of the clock pulse shifts X and B again. Note that. X is now 0000 since 
all the multiplier bits have been shifted out. 


7.12 CODE CONVERTERS 

Code converters are logic circuits whose inputs are bit patterns representing numbers 
characters) in one code and whose outputs are the corresponding representations in a different 
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Fig. 7.24A 


CUUC. rui CAOilipiC, «i uuiai y -lu-giaj U'ut iiuj iuui Ulliary input lines Bj B 

and B|, and 'our gray code output lines G 4 , G 3 , G,, and G,. When the input is 0010 
instance, the output should be 0011 and so forth. To design a code converter, we use a 
table treating it as a truth table to express each output as a Boolean algebraic fun-T 
all the inputs. *° n 
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In this example of binary-to-gray code conversion, we can treat the binary to gray code 
table as four truth tables to derive expressions for G 4 , G 3 , G 2 , and G,. Each of these four 
expressions would, in general, contain all the four input variables B 4 , B 3 , B 2 , and B,. Thus, the 
code converter is actually equivalent to four logic circuits, one for each of the truth tables. 

r hc logic expressions derived for the code converter can be simplified using the usual 
techmques, including don't cares if present. Even if the input is an unweighted code, the 
same cell numbering method which we used earlier can be used, but the cell numbers must 
correspond to the input combinations as if they were an 8*4-2-1 weighted code. For 
example, in Excess-3 to BCD conversion, number ABCD = 0110, which represents 3 I0 is 
assigned the cell number 6 and not the cell number 3. Be careful to determine which input 
combinations, if any. will never occur and can be treated as don’t cares. Of course, it is 
input bit patterns, and not output patterns, that determine don’t cares. 

eg rated circuits fICs) are available to convert data from one form to another. Binary/ 
BCD conversions arc most often encountered in connection with computer applications. 
Numerical data transmitted in BCD form from input devices must be converted to binary, so 
that arithmetic operations can be performed on it. The binary results of arithmetic operations 
mu^ be converted to BCD for transmission to output devices. Therefore, conversions are often 
accomplished by using the major components of the computer system itself rather than 
special converter circuits. Conversion tables may be stored in the ROM. In some systems, 
conversions are accomplished by the computer itself, through execution of a specially 
designed program. This is called software conversion, as opposed to the hardware 
conversion performed by logic circuits. 

EXAMPLE 7.1 Design and implement a 4-bit binary-to-gray converter. 

Solution 

. input to the circuit is a 4-bit binary and the output of the circuit is a 4-bit Gray code. 

The 4-bit binary and the corresponding Gray code are shown in the conversion table 
< Fig. 7.25a). From the truth table, wc observe that: 

1. The entries for G 4 are exactly the same as those for B 4 . Therefore, G., = B 4 . 

2. The entries for G 3 are: 

G, = C only when cither B 4 = I or B, = 1. G, - 0 for B„ - B, = 0, and B 4 = B, 

- 1. This is an X-OR operation of B 4 and B 3 . Therefore, G 3 = B 4 © B v 

3. The entries for G 7 are: 

G. = I. only when either B, = 1 or B, - 1. G, = 0 for both B, - B, - I, and 
B 3 B 2 0. This is an X-OR operation of B 3 and B 2 . Therefore, G 2 = B 3 © B 2 . 

4. The entries for G, are: 

Cj = !’ on! '' whcn B 2 = 1 or B i = 1, Gj = 0 for both B, = B, = I and B-, = B, 

= 0. This is an X-OR operation of B 2 and B,. Therefore. G, = B 2 © B,. ‘ 

So. the conversion can be achieved by using three X-OR gates as shown in Fig 7.25c. 

The same ctrcu.r can be obtained by implementing the minimal expressions for C 4 , G„ 

r t _ d G icons of B 4 , B,. B 2 , and B, obtained by minimixing the K-maps. Thus, the 
minimal expressions for G 4 , G 3 , G 2 , and G, are: 
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g 4 = b 4 

g 3 = B 4 B 3 + B 4 B 3 S b 4 © b 3 

G 2 = B 3 B 2 + b 2 b 3 = b 3 © b 2 

G, = B 2 Bj + B,B 2 B 2 © B, 

The K-map for G 4 and its minimization is shown in Fig. 7.25b 
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Fig. 7.25 Example 7.1. 


(c) Logic diagram 


EXAMPLE 7.2 Design and implement a 4-bit gray-to-binary converter. 

Solution 

The 4-bit inDut Grav code and the corresponding output binary numbers are shown in the 
conversion table of>ig. 7.26a. From the table, we observe that: 

1. The entries for B 4 are exactly the same as those for G 4 . Therefore. B 4 = G 4 . 

2. The entries for B 3 are: 

ii, = 1, only when the number of Is in G 4 and G 3 is an odd number. Otherwise 
■i = o! So, B, is the modulo sum of G 4 and G 3 . Therefore, B 3 = G 4 © G v 

3. The entries for B 2 are: 
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B : “ only when the number of Is in G 4 , G 3 , and G 2 is an odd number. Otherwise 
B; = 0. So, B 2 is the modulo sum of G 4 , G 3 , and G 2 , i.c. modulo sum of r a S 4 
G 2 . Therefore, B 2 = B, ® G 2 . i d 

4, The entries for Bj are: 

B, = 1, only when the number of Is in G 4 , G 3 , G 2 , and G f is an odd number 

Otherwise B, = 0. So, B, is the modulo sum of G 4 , G 3 , G 2 and G„ i.c. modulo sun, 
of B 2 and G,. Therefore, B, = B 2 © G t . 

The same expressions can also be obtained using K-maps. Implementing the above 
expressions, the logic circuit is shown in Fig. 7.26c. 
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ia) Conversion table 
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B 4 = G 4 

(b) K-map for B 4 



fc) Logic diagram 


Fig. 7.26 Example 7.2. 

Drawing the K-maps for B 4 , B 3 , B 2 and B. in terms of G 
the conversion table of Fie 7 26 anH * » 0 

B., and B, are obtained * S ' mP " fy '" 8 them - ,hc «**» 


3 , G 2 , and G, based on 
expressions for B 4 , B 3 , 


B 4 G 4 

Bj “ G 4 G 3 + G 4 G 3 - G 4 © G 3 

b 2 = g 4 g 3 g 2 + g 4 g 3 g 2 + g 4 g 3 g 2 + G 4 G 3 G 2 

= G 4 (G 3 © G 2 ) + G 4 (G 7 ®“g 2 ) = G 4 © Gj © G, = B © G 
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B t - g 4 g 3 g 2 g i + g 4 g 3 g 2 g , + g 4 g 3 g 2 g, + g 4 g 3 g 2 g, + G 4 GjG 2 G, + G 4 G 3 G 2 G| 

+ G 4 G 3 G 2 G 1 + G 4 G 3 G 2 G, 

= G 4 G 3 (G 2 © g,) + g 4 g 3 (g 2 © g,) + g 4 g 3 (g7©g,) + G 4 Gj(g 2 © G,) 

= (G 2 © G|) (G 4 © G 3 ) + (G, © G,) (G 4 © G 3 ) 

= G 4 © G 3 © G 2 © G| 

= B 2 © Gj 

The K-map for B 4 and its simplification is shown in Fig. 7.26b. 

EXAMPLE 7.3 Design a 4-bit binary-to-BCD converter. 

Solution 

The input is a 4-bit binary. There are 16 possible combinations of 4-bit inputs (representing 
'i-15) and all arc valid. Hence, the output has to be an 8-bit one; but since the first three 
bits will all be a 0 for all combinations of inputs, the output can be treated as a 5-bit one. 
The conversion is shown in Fig. 7,27a. 

Drawing the K-maps and minimizing them, the minimal expressions for the BCD outputs 
A, B, C, D, and E in terms of the 4-bit binary inputs B 4 , B 3 , B 2 , and B, are obtained as: 

A = B 4 B 3 + B 4 B 2 
B = B 4 B,B 2 

c = b 4 b 3 + b 3 b 2 

D = B 4 B 3 B 2 + B 4 B 2 
E = B 

The K-map for A and its minimization is shown in Fig. 7.27c. A logic diagram can be 
drawn based on the above minimal expressions. 

Code converters using ics 

Figure 7.28a shows the use of 74184, a ROM device programmed as a BCD-to-binary 
converter. Figure 7.28b shows tht use of 74185, a ROM device programmed as a binary- 

lo-BCD converter. 

Figures 7.29 and 7.30 show how these devices can be expanded for conversion 
involving larger number of bits. Figure 7.31 shows the use of ICs for obtaining 9’s and 10’s 

complement of a number. 


7.13 PARITY BIT GENERATORS/CHECKERS 

Binary data when transmitted and processed, is susceptible to noise that can alter its Is to 
0s and 0s to Is. Po detect such errors, an additional bit called the parity bit is added to data 
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(a) Conversion table 


Fig. 7.27 
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SOP circuit 
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(b) Block diagram 
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A = B 4 B 3 + B,Bj 



Example 7.3. 


(c) K-map for A 
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BINs 



BCD 


J-LSD 


>MSD 


■a) The 74184 6-bit BCD-to-binary converter (h\ Thp 7 aioc r k,-* u- 

) 4185 6 bit binary-to-BCD converter 

Fig. 7.28 BCD-to-binary and binary-to-BCD conversion using ICs. 


bits and the word containing data bits and the narltv hit , • J . 

the number of w in th, JL T y b S transmitted. At the receiving end 

me n^n -.r of is in the word received are counted and the ermr if „ ■ . ■ 

parity check, however, detects only single bit errors ' *' " d °' CC ' Cd Th,S 

A party bit of a 0 or a I is attached to the data bits such that the total number or Is 
rn the word rs even for even panty and odd for odd parity. The parity bit can be attached 
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Fig. 7.29 74184s expanded for conversion of two BCD digits to binary. 
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Fig. 7.30 74185s expanded for 8-bit binary to BCD conversion. 
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to the code group either at the beginning or at the end depending on system design. A given 
system operates with either even or odd parity but not both. So, a word always contains 
either an even or an odd number of Is. 






























































































































































































































* "«•*’ 'm.’jwu.ls o-'Digital C ircuits 


BCD 
in outs 



BCD 9's 
.complement 
output 



SCO IQ’s 

complerne 

output 


<a) SCD 9 s com P' emen ' <*>"»erte-. (b) BCD 10* complement converter. 

Fig. 7.31 9's and 10's complement converters using ICs. 

Ai the receiving end, if the word received has an even number of Is in the odd narirv 
system or an odd number of Is in the even parity system, i, implies that an error has 

■,HnAn| 0 rdCr rt 10 Ch l Ck 0r SCnera,C Ihe proper bit in a given code word the basic 

pnnupie used is, “the modulo sum of an even number of Is is a I wavs a n Jh V t l 

sum of an odd number of Is is alwav, a , » T t, 7 l V ° and the modul ° 

the bits in the received word are add ’d If th ^?*’ “* ° rder l ° check f ° r an error ’ a,i 
or a , for an even “ 3 ° fc “ * 

To generate an even parity bit, the four data bits are added usinu three V OR , . t> 
generator!*' * Pari ‘ y bit FigUre 7J2 » *"* ‘ b ‘ ^gic diagram of even pad^ 

the summit is inverted. Tan *3S ** ^ 

7 33e r:r t r y ch f r - : - TVS 

generator/checker. Figura 7 32f ^eTthe trmh’^r *? ' C 74 ' 8 °' a 9 ' bil 

can oe used to check for odd or even Darin nn Q operaUon of this IC. This device 
bn, or it can be used to generate a 

EXAMPLE 7.4 Design a POS circuit that will o. Mn t. „_ .. ... 


For even parity, a parity bit I is added such that thw * * ., 

and the parity bit together is even. The truth table rife m 'Vat?. ° f ls in the 4 ' bit input 
- en par:tv bit generator are shown in Fies 7 - 11 ' 7 ° Ck d,a 8 ram » and the K-map for 

From the K-map we see that no minimization' is c 

. nver. j mat the parity bit is a t, only if the total number r 1 ■ Fr [ om . the truth table, we 

Therefore, the parity bit is the modulo sum of the four dat * ln lhc * our da,a bits is odd. 

^ 11 s. Hence, 

f-A@B©C©D 

Therefore, three X-OR gates are required to realize the -,k 
F ig- " 33d. It can also be realized by using twelve 2-input NAND 6 ***”* 8 * 011 38 Sh ° Wn 
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(e) Logic symbol of 74180 


Fig. 7.32 


(f) Truth table of IC 7418 (X = don't care) 
Parity bit generator/checker. 


From the K-map, the POS output is 

f = (A + B + C + D) (A + B + C + D) (A + B + C + D) (A_ + B + C + D) 

( A+ jg + C + D)(A+B + C+D)(A+B + C+D)(A+B + C+D) 

= (A + B + CD • CD) (A + B + CD - CD) (A + B + CD • CD) 

(A + B + UD ■ CD) 

= (C-D • CD + A • B .ABHCD.CD + AB ■ AB) 

= [<C ® D) + (A © B)] [C © D + A © B] 

=a©b©c©d 


EXAMPLE 7.5 Design an SOP circuit that wilt generate an odd parity bit for a 4-bit input. 


Solution 

An odd parity bit generator outputs a I. when the number of Is in the data 
so lhat the total number of Is in the data bus and the panty brt together » 


bits is even, 
odd. 
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(c) K-map for f' 



(a) Truth table 


(d) Logic diagram 

7,33 Example 7.4, 


In Example 7.4, we derived an expression for the even parity generator as 

f=A©B©C©D 

Mnce odd parity is the complement of even parity, we get 


f = A ® B © C © D. 

is 0U ‘ PU ' ° f a " even pari,y bit «—-»• The same result 

pari^ generator are shownfn l„d'0.^001,Vely 8 ^ dia8ram '** ° dd 

parity bT. is'impZ™^ a? if ri « * P ° SSib ' e - If ,he «!«••» for «“ 

expression may be mandated SS "* * 

i - a B C D + A BCD + ABC D + Arp n a. TD/^r, — _ 

_ ABCD + ABCD + ABCD + ABCD + ABCD 


- A B (C © D) + AB (C © D) + AB (C © D) + aB 
(C © D) (A ® B) + (C © D) (A © B) 


B(C © D) 


= (A © B) © (C © D) 
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This is nothing but the complement of the output of the even parity bit generator. 
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(c) K-map for f 



(a) Truth table 


(d) Logic diagram 

Fig. 7.34 Example 7.5. 


EXAMPLE 7.6 

(a) Make a 9 -bit odd parity checker using a 74180 and an inverter. 

(b) Make a 10 -bit even parity generator using a 74180 and an inverter. 

(c) Make a ! 6 -bit even parity checker using two 74180s. 

Solution 

(a) 8 of the 9-bits arc applied at A-H inputs and the ninth bit, I, is applied to the ODD 
input. The circuit is shown in Fig. 7,35a. 

(b) The 9 -bit word consisting of A through I is converted to a 10-bit word with even 
parity. The circuit is shown in Fig. 7.35b. 

(c) The 16-bit even parity checker is shown in Fig. 7.35c. 

7.14 COMPARATORS 

A comparator is a logic circuit, used to compare the magnitudes of two binary numbers. 

Depending on the design, it may either simply provide an output that is active (goes HIGH for 
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(c) A 16-bit even parity checker 

Fig. 7.35 Example 7.6. 
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example) when the two numbers are equal, or additionally provide outputs that signify 
which ol the numbers is greater when equality does not hold. 

The X-NOR gate (coincidence gate) is a basic comparator, because its output is a l only 
if its two input bits arc equal, i.e. the output is a I if and only if the input bits coincide. 
Figure 7.36a shows the operation of an X-NOR gate as a comparator. 

I wo binary numbers are equal, if and only if all their corresponding bits coincide. For 
example, two 4-bit binary numbers, A J A 2 A ] A () and B 3 B 2 B.B 0 are equal, if and only if, A 3 = 
B„ A 2 = B 2 , A[ = B ( and A 0 = B 0 . Thus, equality holds when A 3 coincides with B 3 , A 2 
coincides with B 2 , Aj coincides with B t , and A 0 coincides with B 0 . The implementation of 
this logic, 

EQUALITY = (A 3 © B 3 ) (A 2 © B 2 ) (A, © B,) (A 0 © B 0 ) 

is straightforward and is shown in Fig. 7.36b. It is obvious that this circuit can be expanded 
or compressed to accommodate binary numbers with any other number of bits. 



£= 3 > 


A 2 —v 

5 

> 



o 

o 



Equality = (A 3 © B 3 ) (A 2 © B 3 ) (A, © B,) (Ac © B 0 ) 


(a) Basic comparator operation (b) Logic diagram of an equality comparator 

Fig. 7.36 Comparators. 


A comparator capable of signifying which of the two binar\ numbers has greater 
magnitude is somewhat more complex. The procedure to determine this for two 4-bit 
numbers A = A,A 2 A]A 0 and B = BjB 2 BjB 0 is as follows: 

1. Compare the most significant bits A 3 and B 3 of the numbers. It A 3 is a 1 and B, 

is a 0, then A is greater than B regardless of how the remaining bits compare. 

Similarly, tt A-, is a 0 and B 3 is a 1, then B is greater than A. It and only if, a 3 
and B 3 coincide, then go to step 2. 

2. Compare the next significant bits, A 2 and B 2 of the numbers. It A 2 is a 1 and B, 

is a 0, then A is greater than B regardless of how the remaining bits compare! 

Similarly, if A, is a 0 and B 2 is a I, then B is greater than A. If and only if. A, 
and Bi coincide, then go to step 3. 

3 If A, is a I and B, is a 0, then A is greater than B regardless of how the remaining 
' bits compare. If A, is a 0 and B, is a I, then B is greater than A. If and only if. A , 
and B] coincide, then go to step 4. 
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4, If A# is a I and B 0 is a 0, then A is greater than B. If A n is a 0 and B 0 is a I 
then B is greater than A. If A<, and B 0 are equal, then the numbers A and B are equal 

When still larger numbers arc compared, continue checking in this fashion each pair of 
less significant bits, until finding a pair that does not coincide. The bit that is a 1, belongs 
to the greater number. If all pairs of bits coincide, then of course, the numbers are equal 

To illustrate this procedure, let us compare, A = II10 with B = 1101. 

and B 3 coincide (both bits arc I). So, we check A 2 and B 2 . A, and B ? also coincide 
(both bits are 1). So, we check A, and B,. Since A, = 1 and B, = 0, we conclude that A 
is greater than B, and then wc do not check any further pair of bits. 

The logic we used above to determine if A is greater than B, can be expressed in a set of 
statements as follows. 

1. If A 3 - I and B 3 = 0, then A > B, 


or 


2. If A 3 and B 3 coincide, and if A, = 1 and B, = 0, then A > B. 

or 

3. If A 3 and B 3 coincide, and if A 2 and B 2 coincide, and if A, = I and B. = 0, then 


A > B. 


or 


4. If A 3 and B 3 coincide, and if A 2 and B 2 coincide, and if A, and B, coincide, and 
‘f A 0 = I and B 0 = 0, then A > B. 

From these statements, wc sec that the logic expression for A > B can be written as 

A > B = + (A 3 © B 3 )A 2 B 2 + (A 3 © B 3 ) (A 2 © B 2 )A, B, + (A 3 © B,) (A, © B,) 

(Aj©B,)A 0 B 0 

Similarly, the logic expression for B > A can be written as 

B > A - A 3 B 3 + (A 3 © B 3 )A 2 B 2 + (A 3 © B 3 ) (A 2 © B 2 )A,B, + (A, © B 3 ) (A, © B 2 ) 
(A, © Bj)A 0 B 0 3 2 2 

descried 0 Note £TV he '° S i C di . agram ° f 3 COmpara,or lhal implements the logic we have 
desenbed. Note that, it provides three active-HlGH outputs: A > B, A < B, and A = B. 

7.15 1C COMPARATOR 


Figure 7 3 8 shows the 7485 4-bit comparator. Pins labelled (A < B) IW (A = B> and 
(A > B), n are used for cascading. Figure 7 ^9 shows how t -i u-T IN ’ 

cascaded to perform 8-bil comparisons. The (A < Bt^ A Bt C ^ para '° rS *" 

from the lower order comparator used for the A mt fi Jnf d hi 1^.1 ^’ITT 

A < -- 1 "’ ( 1 ( a ),N " ,puls of ,hl -- h '8hcr Older comparator Note that. 

A < B , N tnpu of the lower order comparator is connected to Vcc . and (A - 1)),, and 

(A > B) in inputs of the lower order comparator arc connected to ground. 1 
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Fig. 7.37 Logic diagram of a 4-bit magnitude comparator. 


EXAMPLE 7.7 
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Fig. 7.38 Pin diagram of the 7485 4-bit comparator. 
Design a 5-bit comparator using a single 7485 and one gate. 


Solution 

The circuit is shown in Fig. 
and Y 4 Y 3 Y 2 Y,Y 0 . 


7,40. The two 5-bit numbers to be compared are X 4 X 3 X 2 X,X 0 


7.16 DECODERS 

A decoder is a logic circuit that converts an A-bit binary input code into M output lines such 
that onlv one mitnut line is activated for each one ot the possible combinations of inputs. 
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(A < B) 
(A = B) 
(A > B) 


Fig. 7.39 Cascading two 7485 4-bit comparators to create an 8-bit comparator. 



Outputs 


Figure 7.41 shows the general decoder diagram with N inputs and M outputs. Since each 

of the At inputs can be a 0 or a 1, there are 2" possible input eombinations or codes. For 

each of these input combinations, only one of the M outputs will be active (HIGH) all the 
other outputs will remain inactive (LOW') Some rWnrWc a™ a^:-. a . . 

LOW output, while all the other outputs remain Him *° pr ° dUCe aC ‘ ,VC 

Some decoders do not utilize all of the 2* possible input codes. For example, a BCD 
to decimal decoder has a 4-bit input code and 10 output lines that correspond to the 10 BCD 
code groups 0000 through 1001. Decoders of this type are often designed so that if any 
of the unused codes are applied to the input, none of the outputs will be activated. 

3 -Line to 8-Line Decoder 


Figure 7.42 shows the circuitry for a decoder with three inputs and eight outputs It uses 
all AND gates, and therefore, the outputs are active-HIGH. For active-LOW outputs, NAND 
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Fig. 7,41 General block diagram of a decoder. 
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(a) Logic diagram 


(b> Truth table 


Fig. 7.42 A 3-line to 8-tine decoder. 

gates are used The truth table of the decoder is shown in Fig. 7.42b. This decoder can 
be referred to in several ways. It can be called a 3-line to 8-line decoder because it has 
three input lines and eight output lines. It is also called a binary-to-octal decoder because 
it takes a 3-bit binary input code and activates one ot the eight (octal) outputs 
corresponding to that code. It is also referred to as a I-of-S decoder because only one of 

the eight outputs is activated at one time. 

Enable inputs 

Some decoders have one or more ENABLE inputs that are used to comreirheopera.ion 
of the decoder. For example, in the 3-line to 8-lmc decoder, ,1 a common ENABLE line ,s 
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connected to the fourth input of each gate, a particular output as determined by the A R 

C input code will go HIGH only when the ENABLE line is held H* }H. When the ENABLE 

s held LOU', however, all the outputs will be forced to the LOW state regardless of the 

levels at the A, B, and C inputs. Thus, the decoder is enabled only when the ENARl p 
HIGH. Is 

in the ^4LS138 decoder shown in Fig. 7.43, A ; A,A 0 is the input code, and E 3 , E, ( and 

Ej axe the separate enable inputs that are combined in the NAND gate. Then, £,£-,£ is 
the EN ABLE signal. Only when the ENAHLE is HIGH, the decoder works. The truth table 
operation of 74LS138 is illustrated in Fig. 7.43c. 
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(c) Truth table 


Fig. 7.43 74LS138, 3-line to 8-line decoder. 
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8421 BCD-to Decimal Decoder (4-Une to 10-Une Decoder) 

BCD-to-Decimal Decoder (7442) 

Figure 7.44a shows the logic diagram for a 7442 BCD-to-decimal decoder. It is also 
available as a 74LS42 and 7411C42. An output goes LOW only when its corresponding BCD 

input is applied. For example, D 4 will go LOW only when the input A 3 A 2 A t A 0 = 0100, D 7 
will go LOW only when the input A 3 A 2 A,A 0 = 0111. For input combinations that are invalid 
for BCD, none of the outputs will be activated. This decoder can also be referred to as a 
4 -to -10 decoder, or a 1 -of-10 decoder. The pin diagram and the truth table for 7442 are 
shown in Figs. 7.44b and c, respectively. 
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(c) Truth table 


Fig. 7.44 BCD-to-decimal decoder 7442 
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BC D-to-Decimal Dccoder/Drivcr 

1 he ITL 7445 IC is a BCD-to-dccimal dccoder/drivcr. The term ‘driver’ is added to its 
description because this IC has open-collector outputs that can operate at higher current and 
voltage limits than a normal TTL output. It makes 7445 suitable for directly driving loads 
such as indicator LEDs or lamps, relays or DC motors, 

4-to-l6 Decoder from two 3-to-8 Decoders 

htgute 7.45 shows the arrangement for using two 74138s, 3-to-8 decoders, to obtain a 

4-io-16 decoder. I he most significant input bit A 3 is connected to E, on the upper decoder 
(tor D, through D 7 ) and to E, on the lower decoder (for D* through D 15 ). Thus, when A 
is L OVV, the upper decoder is enabled and the lower decoder is disabled. When A, is HIGH 
the lower decoder is enabled and the upper decoder is disabled. 
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(a) Logic diagram 

Fig, 7.45 Connecting two 74138 3-to-8 decoders 


(b) Function table 

to obtain a 4-to-16 decoder. 


Decoder Applications 
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7.17 BCD-TO-SEVEN SEGMENT DECODERS 


This type of decoder accepts the BCD code and provides outputs to energize seven segment 
display devices in order to produce a decimal read out. Sometimes, the hex characters A 
through F may be produced. Each segment is made up of a material that emits light when 
current is passed through it. The most commonly used materials include LEDs, ncandesccnt 
filaments and LCDs. The LEDs generally provide greater illumination levels but require more 
power than that by LCDs. 

figure 7.46a shows a seven segment display consisting of seven light emitting 
segments, (he segments are designated by letters a-g as shown in the figure. By 
illuminating various combinations of segments as shown in Fig. 7.46b, the numbers 0 9 can 
be displayed. Figures 7.46c and d show two types of LED displays the common-anode 
and the common-cathode types. In the common-anode type, a low voltage applied to an 
LED cathode allows current to flow through the diode, which causes it to emit light. In the 
common-cathode type, a high voltage applied to an LED anode causes the current to flow 
and produces the resulting light emission. 

An 8-4-2-1 BCD-to-seven segment decoder is a logic circuit as shown in Fig. 7.47a. 
The function tabic for such a decoder is shown in Fig. 7.47b. Since a 1 (HIGH) on any 
output line activates that line, we assume that the display is of the common-cathode type. 
The K-map used to simplify the logic expression for driving segment b is shown in 
Fig. 7.47c. Entries 10-15 are don't cares as usual. Since LEDs require considerable power, 
decoders often contain output, drivers capable of supplying sufficient powder. 


b = A 3 A 2 A l A 0 1 ^ A 

+ A 3 AjAjAq + A 3 A 2 A 1 A 0 + a 3 a 2 a,a 0 


3 j-i 2 fi,™ 0 ■ AjAjAjAq + A 3 A 2 A 1 Ag + A 3 A 2 A,A fl + A 3 A 2 AjA 0 


= I m(0, I, 2, 3, 4, 7, 8, 9) 
Don’t cares, d = L m{lO, 11, 12, 13, 14, 15) 


7.18 DISPLAY DEVICES 

Display devices provide a visual display of numbers, letters, and symbols in response to 
electrical input, and serve as constituents of an electronic display system. 

Classification of Displays 

The commonly used displays in the digital electronic field arc as follows: 

1. Cathode Ray Tube (CRT) 

2. Light Emitting Diode (LED) 

3. Liquid Crystal Display (LCD) 

4. Gas Discharge Plasma Display (Cold-cathode Display or Nixie) 

5. Electro-luminescent (EL) Display 

6. Incandescent Display 
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t By causing different combinations of the segments to illuminate (shown with solid black), the 

numerals 0-9 can be displayed. 



c A common-anode LED display 

Fin. 7.46 


(d) A common-cathode LED display. 

The seven segment display. 
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(a) Logic circuit 
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(b) Function table 


Fig. 7.47 BCD-to-seven segment decoder. 

7. Electrophoretic Image Display (EP1D) 

8. Liquid Vapour Display (LVD) 

In general, displays are classified in a number of ways, such as follows; 

| On the methods of conversion of electrical data to visible light: 

(a) Active displays (light emitters-CRTs, Gas discharge plasma. LEDs, etc.) 

(b) Passive displays (light controllers—LCDs, EPIDs, etc.) 

2. On the applications: 

(a) Analog displays—Bargraph displays (C R11 

(b) Digital displays— Nixies. Alphanumeric, LEDs, etc. 

3 According to the display size and physical dimensions: 

(a) Symbolic displays— Alphanumeric, Nixie tubes, LEDs. etc. 
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(b 1 ! Console displays—CRTs, LCDs, etc. 

(c) Large screen displays—Enlarged projection system. 

4. According to the display format: 

• a) Direct view type (flat panel planar)— Segmental dot matrix, CRTs 
(b ■ Stacked electrode (non-planar type)—Nixie 

5. In terms of resolution and legibility of characters: 

(a) Simple, single-element indicator 

(b) Multi-element displays. 

The Light Emitting Diode (LED) 

In a forward-biased diode, free electrons cross the junction and fall into holes. When they 
recombine, these free electrons radiate energy as they fall from a higher energy level to a lower 
one. In a rectifier diode, the energy is dissipated as heat, but in an LED, the energy is 
radiated as light. By using elements like gallium, arsenic, and phosphorous, a manufacturer 
car produce LEDs that radiate red, green, yellow, orange, and infrared radiation (invisible). 
LEDs that produce \isible radiation are used in instrument displays, calculators, digital 
watches, etc. 

1 he infrared (IR) LED finds applications in burglar-alarm systems and other areas 
requiring in\ isible radiation. Generally, the infrared emitting LEDs arc coated with phosphor 
so that, by the excitation of phosphor, visible light can be produced. 

The advantages of using LEDs in electronic displays are: 

1. LEDs are very small and can be considered as point sources of light. They can, 
’.nerefore, be stacked in a high density matrix to serve as a numeric and 
alphanumeric display. 

The light output from an LED is a function of current flowing through it. An LED 
.an, therefore, be controlled smoothly by varying the current. This is particularly 
useful for operating LED displays under different ambient lighting conditions. 

3. LEDs are highly efficient emitters of EM radiation. LEDs with light output of 
different colours, i.e. red, yellow, amber, and green are commonly available. 

4, LEDs are very fast devices, having a tum-on/off time of less than 1 ms. 

- ■ The low supply voltage and current requirements of LEDs make them compatible 
with TTL ICs. 

h- LEDs are manufactured with the same type of technology as that used for 
transistors and ICs and, therefore, they arc economical and have a high degree ol 
reliability. 

LEDs are rugged and can, therefore, withstand shocks and vibrations. ! bey can be 
operated over a wide range of temperature say, 0-70°C. 

The disadvantage of LEDs compared to LCDs is their high power requirement. Also, 
LEDs are not suited for large area displays, primarily because of their high cost. 
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The Liquid Crystal Display (LCD) 

A liquid crystal is a state of matter between a solid and a liquid. The characteristic feature 
of a liquid crystal is its long cylindrical molecules. The alignment of molecules can exist only 
over a limited temperature range of 0-50°C with most available devices. 

Liquid crystal displays (LCDs) are used in similar applications where LEDs arc used. 
I hese applications are display of numeric and alphanumeric characters in dot matrix and 
segmental displays. 

LCDs are of two types—dynamic scattering type and field effect type. The dynamic 
scattering liquid crystal cell is constructed by layering the liquid crystal between glass sheets 
with transparent electrodes deposited on the inside faces. The liquid crystal material may 
be one oi the several organic compounds which exhibit optical properties of a crystal, 
though they remain in liquid form. When a potential is applied across the cell, charge 
carriers flowing through a liquid disrupt the molecular alignment and produce turbulence. 
When the liquid is not activated, it is transparent. When the liquid is activated, the molecular 
turbulence causes light to be scattered in all directions and the cell appears to be bright. The 
phenomenon is called dynamic scattering. 

The construction of a field effect liquid crystal display is similar to that of the dynamic 
scattering type, with the exception that two thin polarizing optical filters are placed at the 
inside of each glass sheet. The liquid crystal material in the field effect cell is also of 
different type from that employed in the dynamic scattering cell. The material used is 
twisted nematic type and it actually twists the light passing through the cell when the latter 
is not energized. This allows the light to pass through the optica! filters and the cell appears 
bright. When the cell is energized, no twisting of light takes place and the cell appears dull. 

Liquid crystal cells are of two types—transmittive type and reflective type. In the 
transmittive type cell, both glass sheets are transparent, so that light from a rear source is 
scattered in the forward direction when the cell is activated. The reflective type cell has a 
reflective surface on one side of the glass sheets. The incident light on the front surface 
of the cell is dynamically scattered by an activated cell. Both types of cells appear quite 
bright when activated even under ambient light conditions. 

The liquid crystals arc light reflectors or transmitters and, therefore, consume small 

amounts of energy. 

The advantages of LCDs are low power consumption and low cost. The disadvantages 
arc that they occupy a large area and their operating speed is low. LCDs are normally used 

for seven segment displays. 


Operation of Liquid Crystal Displays 

LCDs operate bv polarizing light so that a non-activated segment reflects incident light and 
thus appears invisible against its background. An activated segment does not reflect incident 
lieht and thus appears dark. LCDs consume much less power than LED displays and are 
widely used in batteiy powered dev ices such as calculators and watches. An LCD does not 
emit light energy like an LED. So, it cannot be seen in the dark. It reqmres an external 

S0Ur Basic.lly h, LCDs operate from a low voltage (typically 3-15 V rms). low frequency 
(20-60 Ha) ai serial and draw very little eurrent. They are often arranged as seven segment 
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displays for numerical read-outs as shown in Fig. 7.48. The ac voltage needed to turn on 
a segment is applied between the segment and the backplane which is common to all 
segments. The segment and the backplane form a capacitor, that draws very little current 
> ig as the ac frequency is kept low. The frequency is generally not lower than 25 Hz 
because that would produce visible flicker. 
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Fig, 7.48 Liquid crystal display. 


Driving an LCD o ~,i • ja n ii so» • ; t i 

-.1 LCD segment will turn on, when an ac voltage is applied between the segment and the 
“ L kplane, and will turn off, when there is no voltage between the two. Rather than 
generating an ac signal, it is common practice to produce the required ac voltage by 
;r " ng out-of-phase square waves to the segment and the backplane. Figure 7.49 
illustrates the driving arrangement for one segment. A 40 Hz square wave is applied to the 
backplane and also to the input ol a CMOS 4070 X-QR gale. The other input to the X-OR 
’ s a control input, that controls the QN/OFF state of the segment. 
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ffrr (rrrrrr 
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Backplane 


Fig. 7.49 Method for driving the seven segment LCD. 

'A hen the CONTROL input is LOW, the X-OR output will be exactly the same as the 
40 Hz square wave, so that the signals applied to the segment and the backplane arc equal. 
Smcc there i no difference in voltage, the segment wilt be OFF. When the CONTROL input 
HIGH, the X-OR output will be the inverse of the 40 Hz square wave, so that the signal 
applied to the segment is out-of-phase with the signal applied to the backplane. As a result, 
the segment voltage will alternatively be at + 5 V and — 5 V relative to the backplane* 
This ac voltage will turn on the segment. The same idea can be extended to a complete 
seven segment LCD display as shown in Fig. 7,50, 
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In general, CMOS devices arc used to drive LCDs for two reasons. First, they require 
much less power than that by M l and are more suited to the battery-operated applications 
where LCDs are used. Second, as the TTL LOW state voltage is not exactly 0 V. and can 
be as much as 0.4 V, it produces a do component of voltage between the segment and the 
backplane which considerably shortens the life of an LCD. 

incandescent Seven segment Displays 

Incandescent displays use light-bulb filaments as the segments. When current is made to 
flow through these filaments, they become hot and thus glow. They emit a bright white liuht 
that is easy to read. They are sometimes covered with coloured filters to provide coloured 
light. These displays arc much less efficient than the LCD types because they require more 
current per segment, and thcrclore, are not used in battery-operated devices such as 
calculators and multimeters. They are, however, used in electronic cash registers and other 
Ime-operated devices where power consumption is not critical. 


7.19 ENCODERS 

An encoder is a device whose inputs arc decimal digits and/or alphabetic characters and 
whose outputs are the coded representation of those inputs. In other words, an encoder 
may be said to be a combinational logic circuit that performs the ‘reverse’ operation of the 
decoder The opposite of the decoding process is called encoding, i.e. encoding is a process 
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of convert mg familiar numbers or symbols into a coded format. A decoder accepts an 
v-bit input code and produces a HIGH (or LOW) at one and only one output line. In other 
words, >e can sa\ that a decoder identifies or recognizes or detects a particular code. An 
encoder has a number of input lines, only one of which is activated at a given time, and 
produces an JV-bit output code depending on which input is activated. Figure 7.51 shows 
.'c b ock diagram of an encoder with M inputs and A outputs. Here the inputs are active 
HIGH, which means they are normally LOW. 


M inputs 
only one HIGH 
at a time 


M-2 


M- 1 



A/-bit 
> output code 


n -2 


N-1 


Fig. 7.5t Block diagram of encoder. 


Octal-to-Binary Encoder 

A binary-to-octal decoder (3-line to 8-line decoder) accepts a 3-bit input code and activates 

one of 8 output lines corresponding to that code. An octal-to-binary encoder (8-line to 3- 

e.iccder 8 input lines and produces a 3-bit output code corresponding to the 

iCi, ~--d input. Figure 7.52 shows the truth table and the logic circuit for an octal-to-binary 
encoder with active HIGH inputs. * 
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a. Truth table 
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Fig* 7,52 Octal-to-binary encoder* 
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j s , t | herefor^ t W ° SCC ^ iat ^2 ' s a 1 if any of the digits D 4 or D s or D 6 or D 7 


A 2 = D 4 + + D 6 + D 


Similarly 


A. = l>, + D, + D, + D- 


and 


Aq Dj + Dj + Dj + D, 

We see that D 0 is not present in any of the expressions. So, D 0 is a don’t care. 

Decimal-to-BCO Encoder 

This type of encoder has 10 inputs—one for each decimal digit, and 4 outputs 
corresponding to the BCD code as shown in fig. 7,53a. This is a basic IO-Iine to 4-linc 
encoder. The BCD code is listed in the truth table 1 Fig. 7.53b) and from this we can 
determine the relationships between each BCD bit and the decimal digits. There is no explicit 
input for a decimal 0. The BCD output is 0000 when the decimal inputs 1-9 are all 0. 
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(b) Truth table 


Fig. 7.53 


(c) Logic diagram 
Deeimal-to-BCD encoder. 
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he logic circuit of the decoder is shown in Fig. 7.53c. From the table, we get 


A, = 


D 8 + D 9 


A> = D 4 + D 5 + D 6 + D 7 

A, = D 2 + D 3 + D 6 + D 7 

Aq = Dj + D 3 + + D 7 + Dq 


7.20 KEYBOARD ENCODERS 

Figure “.54 snov$ a typical keyboard encoder consisting of a diode matrix, used to encode 
the 10 decimal digits in 8-4-2-1 BCD. 



Fig. 7.54 A keyboard encoder employing a diode matrix. 


Combinational Circuits 285 


The S-R flip-flops are used to store the BCD output. When a key corresponding to one 
ol the decimal digits is pressed, a positive voltage forward biases the selected diodes 
connected to the SET(S) and RESET(R) inputs of the flip-flops. The diodes are so arranged 
that each flip-flop sets or resets, as necessary to produce the 4-bit code corresponding to 
the decimal digit. For example, when the key 7 is pressed, the diodes connected to the S 
inputs of Q 4 , Q 2 , and Qj are forward biased, as is that connected to the R input of Q g . Thus, 
the output is 0111. Note that, the diode configuration at each S and R input is essentially 
a diode OR gate. Diode matrix encoders are found on printed circuit boards of many devices 
having a keyboard as the means of data entry. 


7.21 PRIORITY ENCODERS 


The encoders discussed so far will operate correctly, provided that one and only one 
decimal input is HIGH at any given time. In some practical systems, two or more decimal 
inputs may inadvertently become HIGH at the same time. For example, a person operating 

a keyboard might press a second key before releasing the first. Let us say he presses key 3 

before releasing key 4. In such a case the output will be 7 )0 (0111) instead of being 4 10 or 3 l0 . 

A priority encoder is a logic circuit that responds to just one input in accordance with 
some priority system, among all those that may be simultaneously HIGH. The most common 
priority system is based on the relative magnitudes of the inputs; whichever decimal input 
is the largest, is the one that is encoded. Thus, in the above example, a priority encoder 

would encode decimal 4 if both 3 and 4 are simultaneously HIGH. 

In some practical applications, priority encoders may have several inputs that are 
routinely HIGH at the same time, and the principal function of the encoder in those cases 
is to select the input with the highest priority. This function is called arbitration. A common 
example is found in computer systems, where there are numerous input devices and several 
of* which may attempt to supply data to the computer at the same time. A priority encoder 
is used to enable that input device which has the highest priority among those competing 
for access to the computer at the same time. 


Decimal-to-BCD priority Encoder 

This type of encoder performs the same basic function of encoding the decimal digits into 
4-bil BCD outputs as that performed by a normal decunal-to-BC D encoder. It, however, 
offers the additional facility of providing prior,ty. That ts. ,t produces a BCD output 
corresponding to the highest order decimal digit appeanng on the tnputs and tgnores all 

0llK T 1 . look at the requirements for the priority detection logic. The purpose of this 

Now, let us J lower order digit input front disrupting the encoding of a 

logic circuitry P ^ lishcd by us j„g inhibit gates. Referring to the truth table 

higher order digit. Ji lto . BC D encoder of Fig. 7.5.!. nolo that A„ is HIGH when 

and logic diagram ot the atum 

p , high 

D,, D 3 , l> 5 , D 7 or D 9 IS ' ‘ . J wilt be allowed to activate the A () output, only if 

no - - — A ° " H,Cm - ^ D * «>«• ^ - 
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\ must be LOW. If an\ of those are HIGH, then A 0 will be LOW'. This can be stated as 
follows: 

Ao is HIGH if, 

D ; is HIGH and D ; , D 4 , D h , and D 8 are LOW 

OR 

D 3 is HIGH and D 4 , D 6t and D s arc LOW 

OR 

D 5 is HIGH and D 6 and D* are LOW 

OR 

D 7 is HIGH and D s is LOW 

OR 


Dtj is HIGH. 


Thus, 


- D,D 2 D 4 D 6 D g + D 3 D 4 D 6 D g + D s D 6 D 8 + D 7 D k + D 


will b^HICH if! “ HIGH Whe " ^ Dj ’ Ds ’ 0r 07 is HIGH - So - in lhe priority encoder A 
D 2 is HIGH and D 4 , D s , D 8 , and D g are LOW 


OR 


D 3 15 4IGH an d D 4 , D s , D g , and D 9 are LOW 


OR 

D 6 r HIGH and D g and D 9 are LOW 

OR 

D- is HIGH and D 8 and D 9 are LOW, 
Thus, 


D 2 D 4 D s D,D, + D 3 D 4 D 5 D g D, + D 6 D,D 9 + D,D,D, 
j - 17 HIGH when D S’ D 6. or D 7 is HIGH. So, in the priority encoder A, will 


D. is HIGH and D y and D 9 are LOW 

OR 












and D> and D 9 are LOW 
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OR 

D fi is HIGH and D g and D 9 are LOW 

OR 

D 7 is HIGH and D R and D 9 are LOW. 

Thus, 

A 2 = D 4 D 8 D 9 + D 5 D 8 D 9 + D 6 D 8 D 9 + D 7 D 8 D 9 

Finally, A 3 is HIGH if D 8 is HIGH or if D 9 is HIGH. So, in the priority encoder A 3 will 
be HIGH if D g is HIGH OR D 9 is HIGH. 

Thus, 

A 3 = D 8 + D 9 

The truth table operation of the priority encoder is shown in Table 7.2. The truth table 
clearly shows that the magnitudes of the decimal inputs determine their priorities. If any 
decimal input is active it is encoded, provided all higher value inputs are inactive regardless 
of the states of all lower value inputs. 


Table 7.2 Truth table of a decimal-to-BCD priority encoder 


Decimal inputs (x - Don't care) 
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Figure 7.55 shows the logic diagram for the 74147 priority encoder. In this device, the 
and the outputs are active LOW. 


Octal-to-Binary Priority Encoder 

. A , at thl > innuts of digital circuits that require manual entering of 

The octal code is often use . 7414s [C has been designed to achieve this operation, 

long binary words. Priority enev . ciicuit has active LOW inputs and active LOW 

Its block diagram is given m 0UtpLJts which arc also active LOW are used to 

outputs. The enable input am ^ A hcxadecimal-to-binary encoder which is also a 

cascade circuits to handle m ® r ^. pread usc 0 f the hexadecimal code in computers, 

r* 1 n * nit because OI int 


i*rv 11C1O 
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EXAMPLE 7.8 Design a hexadecimal-to-binary encoder using 74148 encoders and 74157 
multiplexer. 

Solution 

nee there are 16 symbols (0-F) in the hexadecimal number system, two 74148 encoders 
ve required. Hexadecimal inputs 0—7 are applied to IC1 input lines and hexadecimal inputs 
g-F to IC2 input lines. Whenever one of the inputs of IC2 is active (LOW), IC1 must be 
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X" , 




o — « 


a - A 


1 - c 


3 - B p 


2 - c 


r— c 

Octal inputs ^ 

3 -- o 


(MSB) J 

(active low) 

< 

4 — —< 

5 - c 

6 - a 

L 7- * 

74148 

o - GS 

Enable input 
(active low) 


d- EC 


Binary outputs 
(active low) 


Fig. 7.56 Octal-to-binary priority encoder. 

disabled. On the other hand, if all the inputs of IC2 are HIGH, then IC 1 must be enabled. 
This is achieved by connecting the EO line of IC2 to the El line ol IC 1 . A quad 2:1 
multiplexer is required to get the proper 4 -bit binary outputs. The complete circuit is shown 
in Fig. 7 . 57 . The GS output of 74148 goes LOW whenever one of its inputs is active. 
Therefore, the GS of IC 2 is connected to the SELECT input of 74157 . Ihe T 4157 selects 
its A inputs if the SELECT input is LOW, otherwise B inputs arc selected. The outputs of 
the multiplexer are the required binary outputs and are active LOW. This circuit is also a 

priority encoder. 


Hexa decimal inputs 
(active low) 


< 


\ 



4-bit 

binary outputs 
(active tow) 


Fig. 7.57 Hexadecimal-to-binary encoder using 74148s and 74157. 




































































































































































































:**) Fundamettfais of Digital Circuits 

7.22 MULTIPLEXERS (DATA SELECTORS) 


Multiplexing means sharing. There are two types of multiplexing time multiplexing and 
ee;:e:v\ multiplexing. A common example of multiplexing or sharing occurs when several 
peripheral devices share a single transmission line or bus to communicate with a computer. 
Vo accomplish this sharing, each de\ ice in succession is allocated a brief time to send or 
receive data. At any given time, one and only one device is using the line. This is an example 
of time multiplexing, since each device is given specific time intervals to use the line. In 
■recuenc) multiplexing, several devices share a common line by transmitting at different 
requeue es In a large mainframe computer, numerous users are time-multiplexed to the 
computer m such a rapid succession that all appear to be using the computer simultaneously. 

A multiplexer (MUX) or data selector is a logic circuit that accepts several data inputs 
and . Vo s only one of them at a time to get through the output. The routing of the desired 
data :npu: to the output is controlled by SELECT inputs (sometimes referred to as 
.ADDRESS inputs). Figure 7.58 shows the functional diagram of a general multiplexer. In 
this diagram, the inputs and outputs are drawn as large arrows to indicate that they may 
constitute one or more signal lines. 


Data 

inputs 



Output 



Select 

inputs 


Fig. 7.58 Functional diagram of a digital multiplexer. 


. c multiplexer acts like a digitally controlled multi-position switch. The digital code 
applied to the SELECT inputs determines which data inputs will be switched to the output, 
r - r example, the output Z will equal the data input D 0 tor some particular input code; Z 
equal D for another particular code, and so on. In other words, we can say that a 

multiplexer selects 1 -out-of-Af input data sources and transmits the selected data to a-single 
output channel. This is called multiplexing. 


Basic 2-input Multiplexer 

Figure 7.59 shows the logic circuitry and function table for a 2 input multiplexer with data 
inputs D 0 and D P and data select input S, The logic level applied to the S input determines 
which AND gate is enabled, so that its data input passes through the OR gate to the output. 
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The output, Z — SD 0 + SDj. 

When S = 0 , AND gate 1 is enabled and AND gate 2 is disabled. So. Z - D 0 . 
When S — 1 , AND gate 1 is disabled and AND gate 2 is enabled. So, Z = D ( . 


r 



Z - D 0 S + D 1 S 


Fig. 7.59 The 2-input multiplexer. 


s 

Output (Z) 

0 

D 0 

1 

d" 

1 


(b) Function table 


The 74157 Quadruple 2-input Data Selector/Multiplexer 

The 74157 consists of four separate 2 -input multiplexers on a single chip. Each of the four 

multiplexers share a common data select line and a common E (Enable) line as shown 
in Fig. 7 . 60 a. Because there are only two inputs to be selected from each multiplexer, a 

single data select input is sufficient. A LOW on the E input allows the selected input data 



(a) Logic diagram 


(b) Truth table 



(b) Logic symbol 


Fig. 7.60 The 74157 quadruple 2-input data selector/multiplexer. 
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to ['ass through to the output. A HIGH on the E input prexents data from going through 
u> the output, i.e. it disables the multiplexers. The ANSI/IEEE logic symbol for this device 
is shown in Fig. 7.60b. 

Note that the four multiplexers arc indicated by the partitioned output line and that the 
inputs common to all the four multiplexers are indicated as inputs to the ‘notched’ block 
at the top. which is called the 'common control block'. All the labels within the upper MUX 
block also apply to the other blocks below it. 

Note the I and T labels in the MUX block and the G! label in the common control 
block These indicate dependency notation. In this case, G1 indicates an AND relationship 

between the data select input and the data inputs with 1 or T labels. (The I means that 
. e \\D relationship applies to the complement of the G1 input.) In other words, when the 
data select input is HIGH, the B inputs of the multiplexers are selected, and when the data 
select input is LOW. the A inputs arc selected. The G is always used to denote AND 
dependency. 

The 4-input Multiplexer 

Figure 7.61a shows the logic circuitry for a 4-input multiplexer with data inputs D 0 , D h D ; , 
and D; and data select inputs S 0 and S,. The logic levels applied to the S 0 and S, inputs 
determine e hich AND gate is enabled, so that its data input passes through the OR gate to 
the output. The function table in Fig. 7.61b gives the output for the input select codes as 

2 — S,S 0 D 0 + S jSqD, + S,S 0 D 2 + S,S 0 D 3 

The 2-4-8-16-input multiplexers are readily available in the TTL and CMOS families, 
i hese basic ICs can be combined for multiplexing a larger number of inputs. Some 
packages contain more than one multiplexer, for example, the 74157 quad 2-to-l multiplexer 
iTur 2-to-l multiplexers having the same data select inputs) and the 74153 dual 4-to-l 
■ _ nplcxer. Some designs have 3-state outputs and others have open collector outputs. 


Select input s Output 
_ Sq _ Z. 

0 0 D c 

0 1 D, 

1 0 D 2 

1 1 D 3 


(b) Function table 

Fig. 7.61 The 4-input multiplexer. 


Most have enable inputs to facilitate cascading. 



(a) Logic diagram 
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The 741 51A 8-input Data Selector/Multiplexer 

Figure 7.62a shows the logic diagram for an 8-input multiplexer. I his multiplexer has 8 data 

inputs, 3 data select inputs and an enable input E i Enable). A LOW on the E input allows 

die selected input data to pass through to the output. When E = 1, the multiplexer is 
disabled, so that Z = 0, regardless of the select input code. Note that the output as well 
as its complement are available. The operation of the MUX is illustrated in the truth sable 

of Fig. 7.62b. 
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(b) Truth table 
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(c) ANSI/IEEE logic symbol 


(a) Logic diagram 

1g 7 . 62 The 74151A 8-input data selector/multiplexer. 

h i fur 74151A is shown in Fig. 7.62c. In this case, there 
The ANSI/IEEE logic symbol Ur sym bol. because there is only one 

is no need for a common contro tK 

• u i S7 The G - label within the logic symbol 

multiplexer to be controlled, not tour as m • 07 

. ,l . ,j qta select input and each ot the data inputs 0 7. 

indicates the AND relationship between the 

TWO 8-input Multiplexers 

The 16-input Multiple* er froltl 

. ise two 8-input multiplexers (74151A) to get a 
Figure 7.63 shows an arrangement w ■- a i s0 required. The four select inputs 

16 input multiplexer. One OR gate and one inverter 
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Fig. 7.63 Logic diagram for cascading of two 74151 As to get a 16-bit multiplexer. 


S„ S 2 , S,, and S (J will select one of the 16 inputs to pass through to X. The S 3 input 
determines which multiplexer is enabled. When S 3 = 0, the right multiplexer is enabled and 
S ; S ( . and S 0 inputs determine which of its data inputs will appear at its output and pass 
through the OR gate to X. When S, I, the left multiplexer is enabled and S 2 , S,, and S 0 
inputs select one of its data inputs for passage to output X. 


7.23 APPLICATIONS OF MULTIPLEXERS 

Multiplexer'- find numerous and varied applications in digital systems of all types. These 
applications include data selection, data routing, operation sequencing, parallel-to-serial 
conversion, wavetorm generation, and logic function generation. 

Logic Function Generator 

A multiplexer can be used in place of logic gates to implement a logic expression. It can 
be so connected that it duplicates the logic of any truth table, i.e, it can generate any Boolean 
algebraic function of a set of input variables. In such applications, tiie multiplexer can be 
ewed as a function generator, because we can easily set or change the logic function it 
implements. One advantage of using a multiplexer in place of logic gates is that, a single 
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integrated circuit can perform a function that might otherwise require numerous integrated 
circuits. Morcver, ,t is very easy to change the logic function implemented, if and when 

redesign of a system becomes necessary. 

I he first step in the design of a function generator using a multiplexer is to construct 
a truth table for the function to be implemented. Then, connect logical 1 to each data input 
of the multiplexer corresponding to each combination of the input variables, for which the 
truth table shows the function to be equal to 1. Logical 0 is connected to the remaining data 
inputs. The variables themselves are connected to the data select inputs of the multiplexer. 
For example, suppose the truth table specifies that the function f equals l for the input 
combination 110, So, when S 2 S ( S fJ - 110, the data input 6. which is connected to logical 
1 , will be selected. This will route a 1 to the output of the multiplexer. 

EXAMPLE 7.9 Use a multiplexer to implement the logic function F : A $ B f C. 
Solution 

The truth table for F and the logic diagram to implement F are shown in Fig. 7.64, Since 
there arc three input variables, we can use a multiplexer with three data select inputs (an 
8 -to-l MUX). The truth table shows the use of data select inputs S : , S : . and S, for input 
variables A, B, and C respectively. Since F = 1 when ABC = 001, 010. 100, and 111, we 
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(a) Truth table 


Fig. 7.64 Use of 74151A to 



implement the logic function F = A ® B © C. 
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n n and D> Logical 0 is connected to other data 

connect logical 1 to ^"^Cdafa’selec. inputs arc any of the combinations lor 
inputs D„ D 3 , D* and D.^hcnth d ^ data select inputs are any of the 

which F = I. the output b J- V,, ^ 0. Thus, the multiplexer behaves t.n exactly 
comb, nations for w^ - f ^ ^ imp|cmcnting the funetton F would behave. 

the same way , ls can implement any function of n + 1 

In general, a multiplexer with «-?» - _ (hc most significant input variable and its 

variables. The key to this design is . we wish to implement a 4-variable 

complement to drive some of the dani P • S pl ’ inputs . Let the input variables be 

logic' function using ^"^Ttm h table fm the functiol F (A. B, C, D) is constructed. 

K B. C. and D; A is the M®. A«th tabie^tM^ ^ sequence 000 _ oo!,..., 

in the truth table P = g , The foUow i„ g rules arc used to determine the 

^ns^ldtrde to .he da,a inputs of the multiplexer. 

If F - 0 both times when the same combination of BCD occurs, connect logical 0 

to the data input selected by that combination. 

2 . ,f F - I both times when the same combination of BCD occurs, connect logical I 

to the data input selected by that combination. ^ _ . 

3 {f p is different for the two occurrences of a combination of BCD, an i in 

" each case, connect A to the data input selected by that combination. _ 

4. If F is different for the two occurrences of a combination of BCD, and if F - A 
in each case, connect A to the data input selected by that combination. 

\AMPLE 7.10 Use a multiplexer having three data select inputs to implement the logic lor 

e function 


1 . 


c = v 
















Solution 

The iruth table for the given function is shown in Fig. 7.65a. Since the given function 
is of four variables, we can use a multiplexer with three data inputs as shown in 
Fig. 7.65b. As seen from the table, since F is different for each of the two occurrences 

of BCD = 000, BCD = 001, and BCD = 100, and since F = A in each such case, A is 

connected to the data inputs of D 0 , D, and D 4 . 

Since F is different for each of the two occurrences ol BCD = 110 and BCD - 11 ’» 
and since F - A in both cases, A is connected to D (> and D 7 . Since F is the same lor each 
of the two occurrences of BCD = 010 and BCD = 011, and since F = l in both cases, 
is connected to D 2 and Dj. And since F is the same for both the occurrences of BCD 
= 101. and since F = 0 in both the cases, 0 is connected to D v Figure 7.65b shows the 
resultant logic diagram. 0 

Parallel-to*Serial Data Conversion 

One method of performing parallel-to-serial data conversion is by using a multiplexer. 
Figure 7.66a shows the logic diagram to convert an 8 -bit parallel data into serial form using 
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> Output = F 


> Output 


(a) Truth table 


(b) Logic diagram 

Fiq 7 65 Use of the multiplexer to implement the logic for the function 

F = I m(0, 1. 2, 3, 4, 10, 11, 14. 15). 


an 8-input multiplexer. The data arepresent in jsTsai to provide the 

X and are fed to the 8-input multiplexer, A - ( _ _ clock pulses are 

select code bits S 2 S,S 0 , so that they cycle ^ ™ during the first clock period, 

applied. In this way, the output of the Waveform, which is a serial 

X, during the second clock period, and so _ J orms in Fig. 7.66b are for the case 

representation of the parallel input data. _ ta j.l s a total of eight clock 

v v v v v v v v = 110O 1010. This conversion process takes a total o 



Multiplexing Seven segment Displays 


, ivnically consume considerable 

Optical output displays such as seven segmeir ’ major concern, such as pocket 

power. In applications where power eonsump ^ simultaneously, multiplexers are 

calculators, and where several displays must e i . ^ a |j displays simultaneously, 

used to reduce power consumption. Instea o v uiv t ^ e displays are illuminated 

a multiplexer selects each display in turn, e .. human eye will not be able to 

is fast enough {usually around 30 times per seco. illuminated simultaneously. The 

detect anv flicker, and it will appear that a tis - j; crt i av illuminated continuously. 
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(a) logic diagram 
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(b) Waveforms 
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Fig. 7.66 Parallel-to-serial data converter. 
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Figure ".67 shows a simplified method of multiplexing BCD numbers to a seven 
segment cPnpiax. In this example, 2-digit numbers are displayed on the segment read-out 
jsmg a s rgle 3CD to se%en segment decoder. This basic method of multiplexing can be 
extended to displays with any number of inputs. The basic operation is as follows: 

Tal BCD digits (A and B) are applied to the multiplexer inputs. A square wave is 
applied to he data select line and when it is LOW, the A bits (A 3 A 2 A,A 0 ) are routed to the 
inputs of the ^449 BCD-to-seven segment decoder. The LOW on The data select also puts 
a LQVSi on the 1 input of the /4139, 2-line to 4-line decoder, thus activating its 0 output 


Combinational Circuits 299 


745 57 


7449 




Fig. 7.67 Simplified seven segment display multiplexing logic. 


and enabling the A-digit display by effectively connecting its common terminal to ground. 
The A-digit is now ON and the B-digit is OFF. 

When the data select line goes HIGH, the B bits (B 3 B : B,B 0 ) are routed to the inputs of 
the BCD-to-seven segment decoder. Also, the 74139 decoder's I output is activated, thus, 
enabling the B-digit display. The B-digit is now ON and the A-digit is OFF. The cycle 
repeats at the frequency of the data select square wave. The frequency must be high enough 
to prevent visual flicker as the digit displays are multiplexed. 

7*24 DEMULTIPLEXERS (DATA DISTRIBUTORS) 

A multiplexer takes several inputs and transmits one of them to the output. A demultiplexer 
performs the reverse operation; it takes a single input and distributes it over several outputs. 
So, a demultiplexer can be thought of as a ‘distributor', since it transmits the same data 



















































































































































































>00 Funda mentals of Digital Circuiis 


to different destinations. Thus, whereas a multiplexer is an W-to-l device, a demultiplexer 
is a l-to-A' tor ’’) device. Figure 7,68 shows the functional diagram tor a demultiplexer 
DEMUX) The large arrows for inputs and outputs can represent one or more lines. The 
•select- 'input code determines the output line to which the input data will be transmitted. 
In other words, the demultiplexer takes one input data source and selectively distributes it 

to i-of-.V output channels just like a multi-position switch. 



DEMUX 


Tselect 
| inputs 


Fig, 7.68 General demultiplexer. 


1-Line to 4-Line Demultiplexer 

Figure "69 shows a 1-line to 4-line demultiplexer circuit. The input data line goes to all of 
the AND gates. The two select lines S 0 and S, enable only one gate at a time, and the data 
appearing on the input line will pass through the selected gate to the associated output line. 


Data input 



Select inputs S 0 S 1 

Fig. 7.69 Logic diagram of a 1-line to 4-line demultiplexer. 


1-Line to 8-Line Demultiplexer 

Figure 0a shows the logic diagram for a demultiplexer that distributes one input line 
to eight output lines. The single data input line D is connected to all eight AND gates, 
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o 7 = O.S 2 S,S 0 

°6 = ds 2 s,s 0 

Oj = D SjS,S c 
0 4 = D-S^So 

o 3 = ds 2 s,s 0 

0 2 = D.S 2 S,S 0 

0, - D.SjS^u 

Og = D.S 2 S 1 Sg 


Select code 

°7 



Outputs 
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(a) Logic diagram (b) Truth table 

Fig, 7.70 1-line to 8-line demultiplexer. 

but only one ol hese gates will be enabled by the select input lines. For example, with 
S 2 S,S 0 - 000, only the AND gate O 0 will be enabled, and the data input D will appear 
at output O 0 . Other select codes cause input D to reach the other outputs. The truth table 
in Figure 7.70b summarizes the operation. 

The demultiplexer circuit of Fig. 7.70a is very similar to the 3-line to 8-line decoder 
circuit of Fig. 7.42a, except that a fourth input D has been added to each gate. The inputs 
ABC of Fig. 7.42a are here labelled S,SjS 0 and become the data select inputs. 

In the 3-to-8 IC decoder, there are three input lines and eight output lines. The enable 

input E is used to enable or disable the decoding process. This 3-to-8 decoder can be 
used as a l-to-8 demultiplexer as follows. 

The enable input E is used as the data input D, and the binary code inputs are used 
as the select inputs. Depending on the select inputs, the data input will be routed to a 
particular output, or this reason, the IC manufacturers often call this type of device a 

decoder/demultiplexer. 

The 74LS138 decoder can be used as a demultiplexer by using Ej as the data input D, 
holding the other two enable inputs in their active states and using the AiAjAq inputs as the 
select code as shown in Fig. 7.71 a. 

Figu re 7.71b shows the typical waveforms for the case when A 2 A|Ao = 100, and 

selects the output 0 4 . For this case, the data signal applied to E, will be transmitted to 0 4 
and all other outputs will remain in their inactive HIGH states. 

Demultiplexers are used as clock demultiplexers in synchronous data transmission 
systems in the receivers, and in security monitoring systems, etc. 
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n ov 
Data P r 

input Eijy 


+ 5 V 


Select 

code 


*\ A : 


74LS138 

Decoder/DEMUX 


1 


O, O, Logic 1 


(5 7 ^3 ^2 

(a) Demultiplexer 


(b) Waveforms for AjA^ = 100 


Fig. 7-71 Use of decoder as a demultiplexer. 

EXAMPLE 7.11 Implement the following multiple output combinational logic circuit using 
a 4-line to 56-line decoder. 

F, = 2 m(l, 2, 4, 7, 8, 11, 12, 13) 

F, = 2 m(2, 3, 9, 11) 

F, = 2 m(10, 12, 13, 14) 

F 4 = 2 m(2, 4, 8) 

Solution 

The realization is shown in Fig. 7.72. The decoder's outputs are active LOW; therefore, a 
NAND gate is required for every output of the combinational circuit. In combinational logic 





F, 
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design using a multiplexer, additional gates are not required, whereas the design using a 
demultiplexer requires additional gates. However, even with this disadvantage, the decoder 
is more economical in cases where non-trivial, multiple-output expressions of the same input 
variables arc required. In such cases, one multiplexer is required for each output, whereas 
it is likely that only one decoder supported with a few gates would be required. Therefore, 
using a decoder could have advantages over using a multiplexer. 


7.25 ANSI/IEEE SYMBOLS 
Adders 

The qualifying symbol tor an adder is the Greek letter sigma, 2. Figure 7.73a shows the 
logic symbol for the 74AS283 4-bit adder. Binary grouping symbols show that all the 
possible combinations of the 4-bit inputs, P and Q, produce all combinations of the output 
sum 2. The input labelled Cl is carry-in and the output labelled CO is carry-out. 



11 

12 

13 

14 


C4 


(a) 4-bit adder 


PO 

PI 

P2 

P3 

P < Q 
P = Q 

P > Q 
Q0 
Q1 

Q2 

Q3 



CP 

COMP 

_L_1_£_ 

(13) 


-P 

(15) 

3_ 


(2) 

P < Q ^ 

(5) 

< 

P = Q | 

(4) 

> 

p>q[ 

0) 

O' 


(11) 


(liL 

(D 

3. 

-Q 


(ZL 

( 6 ). 

(5) 


P < Q 
P-Q 
P>Q 


74HC85 


(b) 4-bit comparator 


Fig. 7.73 ANSI/IEEE logic symbols. 


Comparators 

Hie qualifying symbol for a comparator is COMP. Figure 7.73b shows the logic symbol tor 
the 74HC85 4-bit comparator. The comparator outputs are indicated by P < Q. P = Q, and 
P > Q, The logic inputs labelled <, =, and > are used tor cascading. 

Decoders, Encoders, and Code converters 

the qualifying symbol for a decoder, encoder, or code converter is XA, where X represents 
die input code and Y represents the output code. The letters X and \ can be used in the 
symbol, or one of them can be replaced by characters that identify the codes they represent 
such as BIN, DEC, etc. The ANSI/iEEE standards permit input and output lines to be 
identified in several different ways. If the input code is binary, the lines can be identified 
by the weights ot the bit positions they represent, i.e. I, 2, 4, etc. Alternatively, the binary 
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groupie svmbol f can be used. In cases where the input or the output code is apparent 
from the way in which the lines are identified, the letters X and Y in the qualifying symbol 
Iieed not be replaced by characters representing the code. The output lines can be numbered 
consecutively inside the outline and identified outside the outline by characters that refer to 

a function table defining the code. 


A 

B 

C 

D 



(1) 


( 2 ) 


(3) 


(4) 


(5) 


( 6 ) 


(7) 


(9) 




74HC42 



8 dependency indicates 
that the inputs are 
latched by GL 


:a)BCD to decimal decoder 


(b) 3-to-8 decoder 


Fig. 7.74 ANSI/IEEE logic symbols for 74HC42 and 74HC237. 


Figure 7.74 shows examples of the logic symbols for two IC decoders, the 74HC42 
BCD-to-Decimal decoder and the 74HC237 3-to-8 decoder. Note that, the BCD/DEC 
decoder has active-LOW outputs. The 3-to-8 decoder has latched inputs as evident from 
the C8 dependency (8D). The EN dependency in this example means that all outputs arc 

inactive (LOW) when G is LOW' or G 2 is HIGH. Note that, EN = G ( G 2 and the 3-state 
symbol does not appear at the output lines. 


Multiplexers 

The qualifying symbol for a multiplexer is MUX. Figure 7.75 shows the logic symbol lor 
the “4S251 S-to-1 multiplexer with 3-state output and bus driving capability. The right 
p ming triangle in the qualifying symbol signifies the bus driving capability. !'he output and 

its complement have the 3-state symbols and are enabled by the input G. The binary 
group _ -mb' shows that the output depends on the eight possible binary combinations 

of the data-select inputs. A, B, and C. 


Demultiplexers 

The qualifying symbol for a demultiplexer is DMUX. Figure 7.76 shows the 74HC38 l-to-8 

demuitiplc--The data input in this case is Gl- G2A • G2B, So, a single active-HIGH input 

(0 ; i can be used by connecting G2A and G2B both LOW, or active-LOW inputs can be 
used with G! connected HIGH. A demultiplexer can be regarded as a decoder. Figure 7.76b 
ihows an equivalent logic symbol for the 74HC38 when its function is interpreted as a 
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Fig. 7.75 ANSI/IEEE logic symbol for 74S251 8-to-1 multiplexer with 3-state output. 
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(a) ANSI/IEEE logic symbol 
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74HC38 

(b) Alternate symbol when used as a 
binary-to-octal (3-to-8) decoder 


* 




__ _ * | ■ (I 


3-to-8 (BIN/OCT) decoder. In this interpretation, the inputs Gl, G2A, and G2B create un 
enable (EN) dependency rather than serving as data inputs. Any combination that makes 

Gl ■ G2A * G2B = 0 
causes all outputs to be inactive (LOW). 


SUMMARY 


A half-adder is an arithmetic circuit that adds two binary digits. 

A half-subtractor is an arithmetic circuit that subtracts one binary digit from another 


lull-adder is an arithmetic circuit that adds two binary digits and a carry, i.e. 3 bits, 
full-subtractor is an arithmetic circuit that subtracts one binary digit from another 
nsidering a borrow. 
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A parallel adder adds two numbers in parallel form and produces the sum hits in 

parallel form. . 

A ripple carry adder is a parallel adder in which the carry-out ol each full-adder is the 

carry-in to the next most significant adder. 

The look-ahead carry adder speeds up the process by eliminating the ripple carry. 
Serial adders are slower than parallel adders, because they require one clock pulse for 
each pair ol bits added. 

Serial adders are used where circuit minimization is more important than speed, as in 


pocket calculators. 

A comparator is a logic circuit that compares the magnitudes of two binary numbers. 

Code converters arc logic circuits whose inputs are bit patterns representing numbers 
or characters in one code and whose outputs arc the corresponding representations in 

a different code. 

A decoder is a logic circuit that converts an n-input binary code into a corresponding 
single numeric output code. 

Enable inputs are used to control the operation of the decoder. 

LED displays are of two types—common anode type and common cathode type. 
Incandescent displays are used in cash registers and other line-operated devices, where 
power consumption is not critical. 

An LCD does not emit light energy. So, it cannot be seen in the dark like an LED. 

LCDs consume much less power than LED displays do, and arc, therefore, widely 
used in battery-powered devices such as calculators and watches. 

In LCDs, the frequency ot the ac signal should not be less nan 25 Hz, because ibis 
would produce visible flicker. 

An encoder is a device whose inputs are decimal digits and/or alphabetic characters 
and whose outputs are the coded representations of those inputs. 

A priority encoder is a logic circuit that responds to just one input, in accordance with 
some priority system, among those that may be simultaneously HIGH. 

multiplexer is a logic circuit that accepts several data inputs and allows only one of 
them at a time to get through to the output. 

Multiplexers are used for data selection, data routing, operation sequencing, parallel- 
to-serial conversion, waveform generation, and logic function generation, etc. 

DEMUX is a logic circuit that, depending on the status of its select inputs, channels 
its data input to one of several data outputs. 

The term ‘driver’ is a technical term, sometimes added to an IC’s description to 
indicate that its outputs can operate with higher current and/or voltage limits than 
those of a normal standard IC. 
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QUESTIONS 


Describe the operations performed by the following arithmetic circuits: 

(a) Half-adder (b) Full-adder (c) Half-subtractor 

(d) Full-sublractor 


Briefly describe the following: 

(a) Parallel adder (b) Serial adder (c) Ripple carry adder 

(d) Look-ahead carry adder. 


How docs the look-ahead carry adder speed up the addition process? 

When is a carry generated and when is a carry propagated? 

What is the disadvantage of serial adders? For which applications are they preferred? 
How do you compare serial and parallel adders? 

What do you mean by cascading of parallel adders? Why is it required? 

What is a parity bit generator'* 

What is (a) an odd parity generator, and (b) an even parity generator? 

What is a code converter? List some of the code converters. 


What is the use of the enable input in a decoder? 

Describe the operations performed by the following logic circuits: 

(a) Comparator (b) Decoder {c) Encoder 

What does the term ‘driver’ mean in a decoder/driver? 

What is the number of inputs and outputs of a decoder that accepts 64 different input 
combinaions? 


Why are CMOS devices preferred over TTL devices for driving LCDs? 

What arc the two types of LED displays? 

What is the drawback of incandescent seven segment displays? W here are they used? 

Which LED segments will be ON for a decoder/driver input of 1001? 

What type of displays arc used in calculators and watches? 

How does a priority encoder differ from an ordinary encoder? 

Hmv is ac voltage produced in LCDs? Why docs an LCD require an external source 
of light? What is the minimum frequency required in LCDs and why? 

.i„. f««rrnc‘ t',i\ nmltinleximi. and (b) demultiplexine. 


What is a keyboard encoder? 

I ist some of the applications of multiplexers and demultiplexers. 
Which of the following statements refer to LCD displays and which to 


LED d ispfays? 


(a) Emit light 

(b) Reflect ambient light 

(c) Are best for low power applications 
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(d) Require an ac voltage 

^c) Require current limiting resistors 

Explain the difference between a MUX and a DEMUX. 

Which of the following statements refer to a decoder and wh.ch to an encoder 
i a) Has more inputs than outputs. 

(b) Is used to convert key actuations to a binary code. 

( C ) Only one output can be activated at one time, 
d Can' be used to interface a BCD input to an LED d,splay. 

Which of the following statements refer to a decoder, an encoder, a MUX, 

DEMUX? 

(a) Has more inputs than outputs. 

(b) Uses SELECT inputs. 

(c) Can be used in parallel-to-serial conversion. 

^di Produces a binary code at its output. 

(e) Onlv one of its outputs can be active at one time. >' 

, f) Can' be used to route an input signal to one ot several possible ou pu . 

(g) Can be used to generate arbitrary logic functions. 

Indicate true or false: 

(a) When a MUX is used to implement a logic function, the logic variables are applied 

to the MUX’s d?*a inputs. . . , 

( b) The circuit for a DEMUX is basically the same as that for a decoder. 


PROBLEMS 


7.1 Design an 842 Mo-2421 BCD code converter and draw its logic diagram. 

7 2 Find the simplest possible logic expressions for a 242 Mo-51 111 BCD code converted 
73 Draw a logic diagram for an Exccss-3-to-dec.mal decoder. Inputs and outputs should 

be active HIGH. • I 

7.4 Draw a logic diagram for a 2421 -to-decimal decoder. 

7.5 Draw a logic circuit that generates an even parity bit for the 2421 BCD code. 

7 6 Draw a logic circuit that generates an odd parity bit lor the 3321 BCD code. 

7.7 Design the following code converters: (a) 5211 to 2421 (b) 4-bit binary to cxcess-3 

(c) 4-bit BCD to gray. 

7.8 Design a logic circuit to generate (i) an even parity bit, and (ii) an odd parity bit 

a 3-bit binary input. . 


f 




Chapter 8 


FLIP-FLOPS AND TIMING CIRCUITS 


8.1 INTRODUCTION 


Basically, switching circuits may be combinational switching circuits or sequential switching 
circuits. The switching circuits considered so far have been combinational switching circuits. 
Combinational switching circuits are those whose output levels at any instant ot time are 
dependent only on the levels present at the inputs at that time. Any prior input level conditions 
have no effect on the present outputs, because combinational logic circuits have no memory. 
On the other hand, sequential switching circuits are those whose output levels at any mutant 
of time are dependent not only on the levels present at the inputs at that time, but also on the 
prior input level conditions. It means that sequential switching circuits have memory. 
Sequential circuits are thus made of combinational circuits and memory elements. 

The most important memory element is the flip-flop, which is made up ot an assembly 
of logic gates. Even though a logic gate by itself has no storage capability, severa - 
cates can be connected together in ways that permit information to be stored. There arc 
several different gate arrangements that are used to construct flip-flops in a wide variety 
of ways. Each type of flip-flop has special features or characteristics necessary for 


particular applications. . .... T . 

A flip-flop (FF), knowm more formally as a bistable multivibrator, has two stable .states. It 

Itti^r nf the states indefinitely. Its state can be changed by applying the proper 


*****1 r**TVI 1 m 


^'^Hgu^iLMhows the general type of symbol used for a flip-flop. The flip-flop has two 
outputs, labelled Q and Q. Actually any letter can be used to represent the output, but Q is 
the one most often used. The Q output is the normal output of the flip-flop and Q is the 


Inputs <: 




> (Normal output) 


> (Inverted output) 


Fig. 8.1 General flip-flop symbol. 
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inverted output. The state of the flip-flop always refers to the state of the normal output 

O The inverted output Q is in the opposite state. A flip-flop is said to be in HIGH state 
or lotc I state or SET state when Q = 1, and in LOW state or logte 0 state or RESET 

-^^“.Ues. a flip-flop can have one or more inputs. These inputs 

,re used to cause the flip-flop to switch back and forth (i.e. ‘nip-flop') between its possible 
output states. A flip-flop input has to be pulsed momentarily to cause a change i in the n.pdlop 
output, and the output will remain in that new state even after the input pulse has been 

removed This is the flip-flop’s memory characteristic. 

There arc a number of applications of nip-flops. As such, the flip-flop serves as a storage 

device It stores a 1 when its 0 output is a 1, and stores a 0 when its Q output is a 0. Flip-flops 

are the fundamental components of shift registers and counters. 

The term ‘latch’ is used for certain flip-flops. It refers to non-clocked flip-flops because 
these nip-flops ‘latch on’ to a 1 or a 0 immediately upon receiving the input pulse called SE 
or RESET. Gated latches are latches which respond to the inputs and latch on to a 1 or a on y 
when they are enabled, i.e. only when the input ENABLE or gating signal is HIGH. In the 
absence of ENABLE or gating signal, the latch does not respond to the changes tn its inputs^ 
A latch may be an active-HIGH input latch or an aclivc-LOW input latch. Active-HIGH 
means that the'sET and RESET inputs are normally resting in the LOW state and one o 
them will be pulsed HIGH whenever we want to change the latch outputs. Activc-LOW 
means that the SET and RESET inputs are normally resting in the HIGH slate and one ot 
them will be pulsed LOW whenever we want to change the latch outputs. 


8.2 THE S-R LATCH 


The simplest type of flip-flop is called an S-R latch. It has two outputs labelled Q and Q 
and two inputs labelled S and R. The state of the latch corresponds to the level ot Q (HIGH 

or LOW. 1 or 0) and Q is, of course, the complement of that state. The output as well 

as its complement are available for each flip-flop. 

Figure 8 2 shows the logic symbol and truth table of an S-R latch. Q 0 represents t e 

stale of the flip-flop before applying the inputs. The name of the latch, S-R or SET-RESET, 
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Fig. 8.2 Active-HIGH S-R latch. 


is derived from 


1 (and Q equals 
l.i If both the i 


the names of its inputs. When the SET input is made HIGH, Q^ecomcs 

s 0). When the RESET input is made HIGH, Q becomes 0 (and Q equals 
nputs S and R arc made LOW, there is no change tn the state ol the Luc . 
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It means that the latch remains in the same state in which it was, prior to the application 
of inputs. If both the inputs are made HIGH, the output is unpredictable, i.e, both Q and 

Q may be HIGH, or both may be LOW or any one of them may be HIGH and the other 
LOW. This condition is described as not-allowcd, unpredictable, invalid, or indeterminate. 
The S-R latch is also called R-S latch or S-C (SET-CLEAR) latch. Resetting is also called 
clearing because we CLEAR out the 1 in the output by resetting to 0. In more complex flip- 
flops, called gated latches, the change of state does not take place immediately after the 
application ot the inputs. The change of state takes place only after applying a gate pulse. 

The NOR Cate S-R Latch 

An S-R latch can be constructed using two cross-coupled NOR gates or NAND gates. 
Using two NOR gates, an active-HIGH S-R latch can be constructed and using two NANI) 
gates an active-LOW S-R latch can be constructed. Figure 8.3 shows the logic diagram ot 
an active-HIGH S-R latch composed of two cross-coupled NOR gates. Note that the output 
of each gate is connected to one of the inputs of the other gate. 



Fig. 8.3 Logic diagram of an active-HIGH S-R latch using NOR gates. 

Let us assume that the latch is initially SET, i.e^Q = 1 and Q = 0. If the inputs are S = 
0 and R = 0, the inputs to G, are a 0 (R) and a 0 (Q) and so its output is a 1, i.e^Q remains 
as a 1. The inputs to G : are a 0 (S) and a I (Q) and so its output is a 0, i.e. Q remains 
as a 0. That is, S = 0 and R = 0 do not result in a change of state. Similarly, if Q = 0 and 
Q = 1 initially, and if S “ 0 and R = 0 are the inputs applied, the inputs to G : are a 0 (Q) 
and a 0 (S) and so its output is a 1, i.e. Q remains as a 1. The inputs to G, are a 0 (R) 
and a 1 (Q) and so its output is a 0, i.e. Q remains as a 0. This implies that the latch remains 

in the same state, when S = 0, R = 0 is applied. 

If Q = 1 and Q =0 initially, and if inputs S = 1 and jl = 0 are applied, the inputs to 

G, arc a 1 S) and a i (Q), and so its output is a 0, i.e. Q remains as a 0. The inputs to 
Gj arc a 0 (R) and a 0 (Q), and so its output is a I, i.e. Q remains as a 1. If Q = 0 and 
Q = I initially and if inputs S = 1 jmd R = 0 are applied, the inputs to G ; are a I (S) and a 
0 (Q). and so its output is a 0, i.e. Q goes to a 0. The inputs to G, are a 0 (R) and a 0 (Q), 
and so its output is a 1, i.e. Q goes to a 1. This implies that irrespective of the present 
state, the output ot the S-R latch goes to SL.l state, i.e* state 1 alter application ot the 

input, S = I and R = 0. 

If q = i and Q = 0 initially, and if inputs S - 0 and R = 1 arc applied, the inputs 
to Gj are a I (R) and a 0 (Q), and so its output is a 0, i.e. Q goes to a 0. The inputs 
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* ’ a tT Afic to 3 1 * 11 C) ■— 0 and 
a /c\\ ind so its output is a i* tx. ^ t l 

to G; arc a 0 (S' and a t ®' _ Q and R = ] are applied, the inputs to G, arc a (R) ant 

M -Tq 4? 

2£*:*K ~ wh “ s= ° : R=1 are ^ ,he flip ' flop 80CS ,0 

“.in 1 s——<—-~— 3 

= 0, which is invalid. Qr RESET input to change the state oi the latch. 

It is thus necessary only to pul ‘ * applied t0 its SET is the same as making 

For example, if the late i> * n ** K1 , sets t ^ e j a tch, after which R and S are once again 

S momentarily a h tbllowed > * • mu$t remain HIGH long enough for NOR gates 

a 0. the no-change condition. Since a pu _ gum of the propagation delays through 

io change states, the minimum pu se HIGH and the other from HIGH to LOW. 

the gates. One gate must change from LOW to mu 

Thus, 


PW m i„ = 'PLH + ‘ 


PHL 


where PW„,„ is the minimum pulse width required for proper operation of the gate, < PU , and 


, PH ;'are ^''propagation delays associated with the gates when the output is changing from 

LOW to HIGH and HIGH to LOW, how ^ active . H IGH S-R latch responds 

The timing diagram shown in Fig. . Assum e that initially the latch is SET, 

to arbitrarily selected waveforms at its S and R inputs. Assum 



Fig. 8.4. Active-HIGH S-R latch—-timing diagram. 

, e q = ] and Q = 0. The latch remains in that state till the RESET pulse arrives. At th 
p^tive going edge of the RESET pulse the latch resets, i.e. Q becomes a 0 and Q becoiw 
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a I. 1 he latch remains in that state (i.e. Q — 0 and Q = 1) till the SET pulse arrives. At the 
positive going edge of the SET pulse, Q becomes a 1 and Q a 0. The latch remains in that 
’ 1 ! I pulse arrives. Observe that when the latch is already in SEP state, 

the arrival of a Shi pulse does not affect the state of the latch and similarly, when the latch 

is already in RF.SET state, the arrival of a RESET pulse docs not have any effect on the state 
of the latch. 

The analysis of the operation oi the active-HIGH NOR latch can be summarized as 
follows. 

1. SET = 0, RESET = 0: I his is the normal resting state of the NOR latch and it has 

no effect on the output state. Q and Q will remain in whatever state they were prior 
to the occurrence of this input condition. 

2. SET = 1, RESET = 0: This wiil always set Q = 1, where it will remain even after 
SET returns to 0. 

3. SET = 0, RESET = 1: This will always reset Q = 0, where it will remain even after 
RESET returns to 0. 

4. SET = I, RESEH = i: This condition tries to SET and RESET the latch at the same 

time, and it produces Q = Q = 0. If the inputs are returned to zero simultaneously, 
the resulting output state is unpredictable. This input condition should not be used. 

The SET and RESET inputs are normally in the LOW state and one of them will be 
pulsed HIGH, whenever we want to change the latch outputs. 

The nand cate s*R Latch 

An active-LOW S-R latch can be constructed using two cross-coupled NAND gates. 
Figures 8.5a and b show the logic diagram and truth table of an active-LOW S-R latch. 
Since the NAND gate is equivalent to an active-LOW OR gate, an active-LOW S-R latch 
using OR gates may also be represented as shown in Fig. 8.5c. 


Inputs Output Comments S 

S R Q _ 

0 0? Invalid 

0 1 1 SET 

1 0 0 RESET 

1 1 Q 0 No change 

__ R 

(b) Truth table (c) Using OR gates 

Logic diagram of an active-LOW S-R latch. 

Suppose initially, Q * 1 and Q = 0. If inputs are $ = 0 and R = 0, G, inputs are a 
0 (S) and a 0 (Q). So, its output Q = 1. G 2 inputs are a 0 (R) and a 1 (Q) and so its output 
Q = 1. Now, suppose Q - 0 and Q = 1; then if inputs arc S = 0 and R = 0, G, inputs 
are a 0 (S) and a 1 (Q). So, its output Q = 1. G 2 inputs are a 0 (R) and a 1 (Q) and so 
its output Q = !. That is, whatever may be the initial state, when the inputs are S = 0 and 
R = 0, both O and Q will be equal to 1. 
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Q 


(a) Using NAND gates 

Fig. 8.5 
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o; m ;i»Hv we can show that, when _ 

Similar y, . . . . . f q w ju K o to 0 and Q to 1. 

(a) S = t and R = 0, whatever may be the initial state, 0 8 

That is the FF resets. _ 

b) s 0 and R = i, whatever may be the initial state, Q will go to I and Q to 0. 

That is, the FF sets. 

Kl s = 1 and R= 1. no change of state takes place, i.e., the output (Q or Q> rentams 

thC *T “ liHim reverse of the NOR gate latch discussed earlier. That 
The operation «t th.s latctr . (f tfce ()s are rep | accd by ls an d Is by Os in 

is why it is called an at ivc ■ ^ 0 f ,|, c nor gate latch shown in Fig. 8.2b. 

Rg -ntfsET'^d RESCTinp^ arc normally resting in the HIGH state and one of them w.ll 

be pulsed L OW L "“'r n tTn«Jd intoTaetive-HIGH NAND lamh by 
tese^ngT inverters at the S and R inputs. Figure S.6 shows the log.c d.agram and tru 
table of an active-HlGH NAND latch. 



Inputs 

S R 

Outputs 

Q Q 

Comments 

0 o 

Q 0 

Qo 

No change 

0 1 

0 

i 

RESET 

1 0 

i 

0 

SET 

1 1 

? 

t 

? 

Invalid 


(b) Truth table 


Fig. 8.6 An active-HIGH NAND latch. 

The waveforms shown in Fig. 8.7 illustrate the working of an acti vc-LOW S-R latch 


R 






Fig. 8.7 


Active-LOW S-R latch—timing diagram. 
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Initially, Q - 0 and S and R are in normal resting states, i.e. $ - 1 and R « 1. Since 
Q is already in a 0 state, a negative pulse applied at R at lime /| cannot produce any effect 
and Q remains as 0. But a negative pulse applied to S at time t 2 brings Q to a 1 state. Since 
Q is already equal to 1, a negative pulse applied to S at time cannot produce any effect 

and Q remains at a 1. The negative pulse applied to R at time t ' 4 , however, changes the state 
of the latch and Q becomes a 0. 

This example shows that the latch output 'remembers’ the last input that was activated 
and will not change states until the opposite input is activated. 

When power is applied to a circuit, it is not possible to predict the starting state of a 
flip-flop output, whether its SET and RESET inputs are in their inactive states (i.e. S = R 
= 1 for a NAND latch, anci S = R = 0 for a NOR latch). There is just as much chance 
that the starting state will >e a Q = 0 as Q - 1. It will depend on things like internal 
propagation delays, parasitic capacitance and external loading. 


8.3 GATED LATCHES 
The Gated S-R Latch 

In the latches described earlier, the output can change state any time the input conditions are 
changed. So, they are called asynchronous latches. A gated S-R latch requires an ENABLE 
(EN) input. Its S and R inputs will control the state of the flip-flop only when the ENABLE 
is HIGH. When the ENABLE is LOW, the inputs become ineffective and no change of state 
can take place. The ENABLE input may be a clock. So, a gated S-R latch is also called 
clocked S-R latch or synchronous S-R latch. Since this type of flip-flop responds to the 
changes in inputs only as long as the clock is HIGH, these types of flip-flops are also 
called level triggered flip-flops. The logic diagram, the logic symbol and the truth table 
for a gated S-R latch are shown in Fig. 8.8, In this circuit, the invalid state occurs when 
both S and R are simultaneously HIGH. 



Q 

S 

Q 

Inputs 

Enable (EN) 

Output 


r 3 

R 

Q 


EN 


0 

0 

HIGH 

Qo 




0 

1 

HIGH 

0 


R 

Q j 

— 1 

0 

HIGH 

1 

Q H 



1 

1 

HIGH 

Invalid 


(b) Logic symbol (c) Truth table 


Fig. 8.8 A gated S-R latch. 


EXAMPLE 8.1 Determine the output waveform Q if the inputs shown in Fig. 8.9a are 
applied to a gated S-R latch shown in Fig. S.9b, that was initially SET. 

Solution 

The output waveform Q shown in Fig. 8.9c is drawn as follows: 

Prior to Q is HIGH. Even though R goes HIGH prior to %, Q will not change because 
EN is LOW. Similarly, even though S goes HIGH prior to /,, Q will not change because EN 
is LOW. Any time S is HIGH and R is LOW, a HIGH on the EN sets the latch, and any time 
S is LOW and R is HIGH, a HIGH on the EN resets the latch. 
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Input waveforms 


(c) Output waveform 



n 

Q 


S 


-EN 



R 

o' 

■- 


b) Logic symbol 


Fig 


8.9 Waveforms— the gated S-R latch {Example 8.1), 


The Gated D-latch 

>- -* 7“ i! i « vtJ-JS 

ro C : P “ ea^h other. So wc can eons,rue. a .a,eh with a sing.e input (S) and 

obtain the R input by inverting it. This single input is labelled D (for d®*®) “J. froiTthe 
is called a D-latch. So, another type of gated latch is the gated D-latch. It dif ^ 

S-R latch in that, it has only one input in addition to EN. When D - 1, we have S = 

R = 0. causing the latch to SET when ENABLED. When D - 0, we have S 

1, causing the latch to RESET when ENABLED. When EN is LOW, the latch ^effective, 

and an> change in the value of D input does not affect the output at all. en uirH* 

„ \ OW D input makes Q LOW, i.e. resets the flip-flop and a HIGH D input makes Q H > 
i.e. sets the flip-flop. In other words, we can say that the output Q follows the D inpu 
n EN is HIGH. So, this latch is said to be transparent. The logic diagram, the ogic 
symbol and the truth table of a gated D-latch are shown in Fig. 8.10. 




(b) Logic symbol 
Fig. 8.10 A gated D-latch. 


input 

Enable 

Q 

D 

EN 

_ 

0 

HIGH 

0 

1 

HIGH 

1 


(c) i ruth table 
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EXAMPLE 8.2 Determine the Q output waveform if the inputs shown in Fig. 8.1 la arc 
applied to the gated D-latch shown in Fig. 8.1 lb, which is initially RESET. 

Solution 

The Q output waveform is shown in Fig. 8.11c. The D input controls the Q output only 
when EN is HIGH. 


(a) Input waveforms 



A 




t 




Q 

(c) Ouput waveform 




D 

Q 


EN 


t 

Q 



(b) Logic symbol 


-> 

t 


Fig. 8.11 Waveforms—the gated D-latch (Example 8.2). 


8.4 EDGE-TRIGGERED FLIP-FLOPS 

Digital systems can operate either synchronously or asynchronously. In asynchronous 
systems, the outputs of logic circuits can change state any time, when one or more of the 
inputs change. An asynchronous system is difficult to design and troubleshoot. In 
synchronous systems, the exact times at which any output can change states are determined 
by a signal commonly called the clock . The flip-flops using the clock signal arc called the 
clocked flip-flops. Control signals are effective only if they are applied in synchronization 
with the clock signal. The clock signal is distributed to all parts of the system and most 
of the system outputs can change state only when the clock makes a transition. C locked 
flip-flops may be positive edge-triggered or negative edge-triggered. Positive edge-triggered 
flip-flops are those in which ‘state transitions’ take place only at the positive-going (0 to 
1, or LOW to HIGH) edge of the clock pulse and negative edge-triggered flip-flops arc 
those in which ‘state transitions’ take place only at the negative-going (I to 0, or HIGH 
to LOW) edge of the clock signal. Positive-edge triggering is indicated by a ’triangle’ at the 
clock terminal of the flip-flop. Negative-edge triggering is indicated by a 'triangle’ with a 
bubble at the clock terminal of the flip-flop. Thus edge-triggered flip-flops are sensitive to 
their inputs only at the transition of the clock. There are three basic types of edge-triggered 
flip-flops: S-R, J-K, and D (Fig. 8.12). Of these, D and J-K flip-flops arc the most widely- 
used ones and readily available in the IC form than is the S-R type. But the S-R flip-flop 
is also covered here because it is a good base upon which to build both the D and the 
J-K flip-flops, having been derived from the S-R flip-flop. 
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(b) Logic symbols of negative edge-triggered FFs 


Fig. 8.12 Edge-triggered flip-flops. 


The edge -triggering is also called dynamic triggering. 


Generation of Narrow spikes 

A narrow positive spike is generated at the nsing edge of the clock using an inverter and 
an AND gate as shown in Fig. 8.13a. The inverter produces a delay of fe 
nanoseconds. The AND gate produces an output spike that is HIGH only for a few 

nanoseconds, when CLK and CLK are both HIGH. This results in a narrow pulse at the 
output of the AND gate which occurs at the positive-going transition of the clock signa . 



< a; Generation of a narrow spike at positive-going (b) Generation of a narrow spike at negative-going 
transition of the clock pulse transition of the clock pulse 

Fig. 8.13 Generation of narrow spikes using edge detector. 

■ 

Similarly, a narrow positive spike is generated at the falling edge of the clock by using 
an inverter and an active-LOW AND gate as shown in Fig. 8.13b. The inverter produces 
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a delay of a few nanoseconds. The activc-LOW AND gate produces an output spike that 

is HIGH only for a few nanoseconds, when CLK and CLK are both LOW. This results 

in a narrow pulse at the output of the AND gate which occurs at the negative-going 
transition of the clock. 

The Edge-triggered s-r Flip-flop 

Figure 8,14 shows the logic symbol and the truth tabic for a positive edge-triggered 
S-R flip-flop. The S anu R inputs of the S-R flip-flop are called the synchronous 




Inputs 
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Clock 

Output 

Q 

Comments 





s 
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— 0 

0 

* 

Qo 

No change 

_TL — 

\>c 


0 

1 

* 

0 

RESET 




1 

0 

* 

1 

SET 

— 

R 

Q 

1 

1 

A 

? 

Invalid 


(a) Logic symbol (b) Truth table 


Fig. 8.14 Positive edge-triggered S-R flip-flop. 

control inputs because data on these inputs affect the flip-flop’s output only on the 
triggering (positive going) edge of the clock pulse. Without a clock pulse, the S and 
R inputs cannot affect the output. When S is HIGH and R is LOW, the Q output goes 
HIGH on the positive-going edge of the clock pulse and the flip-flop is SET. (If it is 
already in SET state, it remains SET.) When S is LOW and R is HIGH, the Q output 
goes LOW on the positive-going edge of the clock pulse and the flip-flop is RESET, 
i.e. cleared. (If it is already in RESET state, it remains RESET.) When both S and R 
are LOW, the output does not change from its prior state. (If it is in SET state, it 
remains SET and if it is in RESET state, it remains RESET.) When both S and 
R are HIGH simultaneously, an invalid condition exists. The basic operation 

described above is illustrated in Fig. 8,14b. 

Figure 8.15 shows the logic symbol and the truth table of a negative edge-triggered 
S-R flip-flop. This flip-flop will trigger only when the clock input goes from 1 to 0. 



(a) Logic symbol 


Inputs 

Clock 

Output 

Comments 

S R 
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0 0 
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Q(J 

No change 

0 1 

* 

0 

RESET 

1 0 

* 

1 

SET 

1 1 

* 

? 

Invalid 


(b) Truth table 


Fig. 8.15 Negative edge-triggered S-R flip-flop. 
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KVAMPI F 8 1 The waveforms shown in Fig. 8.16a arc applied lo the positive edge 
EXAMll-t l " c Sketch the output waveforms, 

tneecred S-R nip-tlop shown m fig. 1 


CLK 


S 


:a) Input waveforms 
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Q 

CLK- 1 

>c 



R 
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(b) Logic symbol 


ic) Output waveforms L 

A 




t 


> 


Fig. 8.16 Waveforms —positive edge-triggered S-R flip-flop (Example 8.3). 


Solution 

The output waveform is drawn as shown in Fig. 8.16c alter going through the following steps. 
1 . Initially. S = 0 and R = 0 and Q is assumed to be HIGH. 

2 At the positive-going transition of the first clock pulse 'i.e. at a), both S and 

R are LOW. So, no change of state takes place. Q remains HIGH and Q remains 

LOW. jU 

3. At the leading edge of the second clock pulse (i.e. at b), S = 0 and R = 1. So, the 

flip-flop resets. Hence, Q goes LOW and Q goes HIGH. 

4. At the positive-going edge of the third clock pulse (i.e. at c), S = 1 and R - 0- 
So, the flip-flop sets. Hence, Q goes HIGH and Q goes LOW. 

5. At the rising edge of the fourth clock pulse, S — 1 and R = 0. Since the flip-flop 
is already in a SET state, it remains SET. That is, Q remains HIGH and Q remains 
LOW. 

6. The fifth pulse resets the flip-flop at its positive-going edge because S = 0 and R 

1 is the input condition and Q = 1 at that time. 

Internal Circuitry of the Edge-triggered S-R Flip-flop 

A detailed anal) sis of the internal circuitry ol a flip-flop is not necessary, since all types are 
readily available as ICs. A simplified description is, however, presented here. Figure 8.1' 
shows the simplified circuitry of the edge-triggered S-R flip-flop. 
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Steering Latch 


gates 

Fig. 8.17 Simplified circuitry of the edge-triggered S-R flip-flop. 

It contains three sections. 

1. A basic NAND gate latch formed by NAND gates (active-LOW OR gates) G, and 
G 4 . 

2. A pulse steering circuit formed by NAND gates G, and G,. 

3. An edge (pulse transition) detector circuit. 

I he edge detector generates a positive spike at the positive-going or negative-going edge 
of the clock pulse. The steering gates ‘direct’ or ‘steer’ the narrow spike either to G, or to G 4 
depending on the state of the S and R inputs. 

Let us say, initially Q = 0 and Q = 1. If S, R, and CLK are LOW, the outputs of G ( and 
G 2 will be HIGH. Now since Q = 0 and Q - 1, inputs to G 3 are a 1 and a 1 (Q). So, its output 
is a (t, i.e. Q remains a 0. Inputs to G 4 will be a 1 and a 0 (Q). So, its output will be a 1, i.e. 
Q remains a 1. So, no change of state takes place. If a clock pulse is applied (keeping S = 0 
and R = 0) when Q is HIGH and Q is LOW, the outputs of G[ and G 2 will be HIGH. So. the 
outputs of G 3 and G 4 , i.e. Q and Q remain the same. Therefore, no change of state takes place. 
Thus, S = 0, R — 0 is the normal resting state. 

Suppose, now S is made HIGH, and R kept LOW and a clock pulse is applied. Since the 
S input to G, is HIGH and the spike generated is also HIGH, the output of G, goes LOW 
for a very short duration, when the clock goes HIGH, causing the Q output to go HIGH. 

Roth inputs to G 4 are now HIGH (G 2 output is HIGH because R is LOW) forcing Q to 

go LOW. ( his LOW on Q is coupled into one input of gate G 3 , ensuring that the Q will 
remain HIGH. The flip-flop is now in the SET state. 

Now, suppose S is made LOW and R HIGH and the clock pulse is applied. Since R is now 
HIGH, the positive-going edge of the clock pulse produces a negative spike at the output of G : 

forcing Q to go HIGH. Since both the inputs to G, are now HIGH, its output Q will be LOW. 

Since Q is coupled to one input of G 4 . Q remains HIGH. The flip-flop is now in the RESET state. 
As in the case of the gated S-R latch, S = 1, R = 1 is an invalid state. 

The Edge-triggered D Flip-flop 

The edge-triggered D flip-flop has only one input terminal. The D flip-flop may be obtained 
from an S-R flip-flop by just putting one inverter between the S and R terminals (Fig. 8.18a). 
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0 

RESET (stores a 0) 
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— 1 

4 

1 

SE' 1 (stores a 1 ) 
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*— 


,a)Dflip-ftop from the S-R flip-flop (b) Logic symbol (c)Tru 

Fig. 8.18 The positive edge-triggered D flip-flop. 

Figures 8 18b and c show the logic symbol and the truth table of a positive edge-triggered 
D S flit>-floD Note that, this flip-flop has only one synchronous control input in addition to 
the ckx* P This is called the D (data) input. The operation of the D flip-flop is veiy simple. 
TCe output Q will go to the same state that is present on the D input at the positive-going 

of the ctocfc pulse. In other words, the level present at D will be stored in the 
flip-flop at the instant the positive-going transition occurs. That .s, if D is a 1 and the clock 

is applied, Q goes to a 1 and Q to a 0 at the rising edge of the pulse and thereafter remain 

so If D is a 0 and the clock is applied, Q 1 goes to a 0 and Q to a 1 at the rising edge of 


the clock pulse and thereafter remain so. _ 

The negative edge-triggered D flip-flop operates in the same way as a positive edge- 

tricsered D flip-flop except that the change of state takes place at the negativc-go.ng edge of 

the clock pulse. Ficures 8.19a. b and c show the flip-flop, its logic symbol and the truth 


table, respectively. 


D Clock Q _ Comments 

0^0 RESET (stores a 0) 

1 ^ 1 SET (stores a 1) 

(a) D flip-flop from the S-R flip-flop (b) Logic symbol (e) Truth table 

Fig. 8.19 The negative edge-triggered D flip-flop. 

EXAMPLE 8.4 The waveforms shown in Fig. 8.20a are applied to the D flip-flop shown 
in Fig. 8.20b. Draw the output waveform. 

Solution 

The output waveform shown in Fig. 8.21c is drawn as explained below: 

1 Initially Q is assumed to be HIGH, i) LOW, and the clock LOW. 

2. At the negative-going edge of the first clock pulse (i.e. at a), D is LOW and, so, 

Q goes LOW. gj 

3. At the negative transition edge of the second clock pulse (i.e. at b), D is HIGH and, 

so, Q goes HIGH. 1 

4 At the trailing edge of the third dock pulse (i.e. at c), l> is LOW and, so, Q goes 

LOW. 
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at d), D is HIGH and, so, Q goes 


It is thus seen that the output O awiimnc t . /• , . 

nnine (negative transition n * i sta c in P ut D at the time of the negative 

go,ng (negative transit,on or tra.lmg or falling) edge of the clock pulse. 
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(a) Input waveform 
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(c) Output waveform 


Q 



CLK 



(b) Logic symbol 


Fig. 8.20 Waveforms—D flip-flop (Example 8.4). 

The Edge-triggered J-K Flip-flop 

Ihe J-K flip-flop is very versatile and also the most widely used. The J and K designations 
for the synchronous control inputs have no known significance. 

The functioning of the J-K flip-flop is identical to that of the S-R flip-flop, except 
that it has no invalid state like that of the S-R flip-flop. The logic symbol and the truth 
table for a positive edge-triggered J-K flip-flop arc shown in Fig. 8.21. 
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* 
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SET 

-K 

Q 

i 

— 1 

1 

4 

Gq 

Toggle 


(a) Logic symbol (b) Truth table 

Fig. 8.21 Positive edge-triggered J-K flip-flop. 

When J = 0 and K = 0, no change of state takes place even if a clock pulse is 

applied. 

When J = 0 and K = 1, the flip-flop resets at the positive-going edge of the clock 

pulse. 

When J = 1 and K = 0, the flip-flop sets at the positive-going edge of the clock 
pulse, 
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When J - 1 and K = I, the flip-flop toggles, i.e. goes to the opposite state at the 

^ £ * “** SSiZ'STMS X s or 8CS 

~£&SZ<: truth tabic of a 1 negative edge-trigged J-K flip-flop are shown 

in Fie. 8.22. 
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JT—< 
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K Q 


(a) Logic symbol 


Inputs 

Clock 

Q 

Comments 

J K 




0 0 

* 

Qo 

No change 

0 1 

* 

0 

RESET 

1 o 


1 

SET 

1 1 

>k 

Q 0 

Toggle 


(b) Truth table 


Fig. 8.22 Negative edge-triggered J-K flip-flop. 


EXAMPLE 8.5 The wavefoms shown in Fig. 8.23a, are applied to the edge-triggered J-K 
flip-flop shown in Fig. 8.23b. Draw the output waveform. 
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CLK 
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(a) Input waveforms 

K 




(b) Logic symbol 


A 

■ 

* 
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Q 




(c) Output waveform 
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1—- 


t 
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Fig. 8.23 Waveforms—edge-triggered J-K flip-flop (Example 8.5). 


Solution 

The output waveform shown in Fig. 8.23c is drawn as explained below: 

I Initially J = 0, K = 0 and CLK. = 0. Assume that the initial state of the flip-flop 
is a 1, i.e. Q = 1 initially. 
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2 . 


3. 


4. 


5. 


0 and K = l. So, 


-v.wtv ptiiav u.c. ai aj, j 

0 remains as a 1 and, therefore, Q as a 0. 

At the trailing edge of the second clock pulse (i.e. at b), J • 
the flip-flop resets. That is, Q goes to a 0 and Q to a 1. 

At the falling edge of the third clock pulse (i.e. at c), both J and K are a 1. So, 
the flip-flop toggles. That is, Q changes from a 0 to a 1 and Q from a 1 to a 0. 
At the negative-going transition of the fourth dock pulse (i.e. at d), J = 0 and K = 
1. So, the flip-flop RESETS, i.e. Q goes to a 0 and Q to a 1. 


Internal Circuitry of the Edge-triggered J-K Flip-flop 

A simplified version of the internal circuitry of the edge-triggered J-K flip-flop is shown 
in Fig. 8.24. It contains the same three sections as those of the edge-triggered S-R flip-flop. 

In tact, the only difference between the two circuits is that, the Q and Q outputs are fed 
hack to the pulse steering NAND gates. This feedback connection is what gives the J-K 
flip-flop its toggle operation for J = K = I condition. 



Fig. 8.24 Simplified circuit diagram of the edge-triggered J-K flip-flop. 

The toggling operation may be explained as given below, 

1. Suppose Q = 0, Q = I and J = K = t. When a clock pulse is applied, the narrow 

positive pulse of the edge detector is inverted by gate G h i.e. G, steers the spike 

inverted (because its other inputs J and Q are both a 1) to gate G 3 . So, the output of 
Gj, i.e. Q goes HIGH. Since Q is connected as one input of G 2 , the output of G 2 
remains HIGH (because initially Q was a 0). So, G 4 has both inputs as a 1. Thus, 

its output Q will be a 0. 

2. Suppose, Q = j, Q - 0, and J - K = 1. When a clock pulse is applied, the narrow 
positive spike at G-, is steered (inverted) to the input ot G 4 . So, the output of G 4 , i.e. 

Q goes HIGH. Since the output of G] is HIGH (because initially Q was a 0), both 
the inputs to G, are HIGH. So, the output of G 3 , i.e. Q goes LOW. 

So, we can say that, i; a clock pulse is applied when J — 1 and K — 1, the flip-flop 

lt, ggles, i.e. it changes its state. 
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The Edge-triggered T Flip-flop 

i * . T for toegie. When r is HIGH, the flip- 

A T flip-flop has a single control mpu ^ ^ L0W> ^ flip _ flop remains in whatever 

flop toggles on every new cloc p • ^ ^ widely available commercially, it is easy 
slatc * w “ T-Kffi^flopTo the functional equivalent of a T nip-flop by just connect.ng J 
^Kragether and labelling the common “™“ ,lon “ ther e’is no change. 

—* *■ - 
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Q ■ 

T—' 


J 

>C 




K 

Q 





T 

Q 

Input 

T 

Output 

Q 

■>C 


o 

Qq 



1 

Qo 

1 

Q 

-- 


{a) Logic symbol 

Fig, 8.25 Edge-triggered T flip-flop. 


(b) Truth table 


3.5 ASYNCHRONOUS INPUTS 

For the clocked flip-flops just discussed, the S-R, D, and J-K inputs are called 
synchronous inputs, because their effect on the flip-flop output is ^''^r on, zed w. , h .he 
clock input. These synchronous control inputs must be used in conjunction with a clock 

^^Most ^fflp-flops''also have one or more asynchronous inputs. These asynchronous 
inputs affect the flip-flop output independently of the synchronous inputs and the cloc 
input. These asynchronous inputs can be used to SEI the flip-tlop to the I state or . 

the flip-flop to the 0 state at any time regardless of the conditions at the other inputs. n 0 . 
words, we can say that the asynchronous inputs are the override inputs, whic can 
used to override all the other inputs in order to place the flip-flop in one state or 1 *V° n * * 
Thev are normally labelled PRESET (PRE) or direct SET (S D ) or DC SET, and CLEAR 
(CLR) or direct RESET (R D ) or DC CLEAR. An active level on the PRESET input will 
SET the flip-flop and an active level on the CLEAR input will RESET it. c 
asynchronous inputs are active-LOW, the same is indicated by a small bubblejit the input 

terminals. The inputs in that case are labelled as ! ‘RE and CLR or S D and R 1V Most 1C 
flip-flops have both DC SET and DC CLEAR inputs. Some have only DC CLEAR. Some 

have active-HIGH inputs, some have active-LOW inputs. 

It is important to realize that these asynchronous inputs respond to the DC leve s. 
That means, in the case of active-HIGH (LOW) inputs, if a constant l (0) is held on the 
PRE (PRE) input, the flip-flop will remain in the Q = 1 state regardless ol what is 

occurring at the other inputs. Similarly, if a constant 1 (0) is held on the CLR 
input, the flip-flop will remain in the Q = 0 state regardless of what is occurring at t ® 
other inputs Most often, however, the asynchronous inputs are used to St i or C LEA 





■ 
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the flip-flop to the desired state bv the anni ;,, e . ^ 

a nr RpccT y application ol a momentary pulse. When DC SET 

inactive levels “ no * “““ in an * a P»”. ** ™s. be held a. .heir 

_ ™ C “ d * e J n * table of ■ ** flip-flop with active-LOW PRESET and 

CLEAR inputs are shown in Fig. 8.26 In this ca«> pdccct , . 

, i , Liir-tj r , 6 in,s case ’ both PRESET and CLEAR inputs must 

be kept HIGH tor synchronous operation 


PRE 


CLK 



CLR 


DC SET 

(PRE) 

DC RESET 
(CLR) 

FF response 

0 

0 

Not used 

t 

0 

Q = 0 

0 

1 

Q = 1 

t 

1 

Clocked operation 


(a) Logic symbol 


(b) Truth table 


Fig. 8.26 J-K flip-flop with active-LOW PRESET and CLEAR inputs. 


The operation is discussed below. 

1. PRE — 1, CLR — 1, i.e. DC SET = 1 and DC CLEAR = L The asynchronous 
inputs are inactive and the flip-flop responds freely to J, K and CLK inputs in the 

normal way. In other words, the clocked operation can take place. 

2. PRE = 0, CLR = 1, the DC SET is activated and Q is immediately SET to a 1, 
no matter what conditions are present at the J, K and CLK inputs. The CLK input 

cannot affect the flip-flop while DC SET - 0. 

3. PRE = 1, CLR f 0. The DC CLEAR is activated and Q is immediately cleared to 
a 0 independent of the conditions on the J, K or CLK inputs. The CLK input has 

no effect when DC CLEAR = 0. 

4. DC SET = DC CLEAR = 0. This condition should not be used, since it can result 
in an invalid state. 

Figure 8.27 shows the logic symbol and the truth table of a J-K flip-flop with active- 
HIGH PRESET and CLEAR. Figure 8.28 shows the logic diagram lor an edge-triggered 

J -K flip-flop with PRESET (PRE) and CLEAR (CLR) inputs. As shown in the figure, these 
inputs arc connected directly into the latch portion of the flip-flop so that they override the 
vtfect ol the synchronous inputs J, K, and the CLK. 

EXAMPLE 8.6 The waveforms shown in Fig. 8.29a are applied to the J-K flip-flop shown 

e 

ln fig- 8.29b. Draw the output waveform. 

Solution 

I he output waveform shown in Fig. 8,29c is drawn as explained below. 

I. Initially PRE and CLR are both a 1, and Q is LOW. 








































































128 Fundamentals of Digital C intuit a 



DC SET 
(PRE) 

DC RESET 
(CLR) 

FF response 

o 

0 

Clocked operation 

0 

1 

Q = 0 

1 

0 

Q = 1 

1 

1 

Not used 


CLR 

(a) Logic symbol 

Fig. 8.27 J-K flip-flop with active 


(b) Truth table 

HIGH PRESET and CLEAR inputs. 


PRE 



Fig 8.28 Logic diagram of a basic J-K flip-flop with active-LOW PRESET and CLEAR. 


A 

J=K=1 



> 

t 





PRE 


CLK 



Fig. 8.29 Waveforms—J-K flip-flop (Example 8.6). 
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At the instant a, PRE goes LOW. So, Q is SET to a 1, and remains SET up to b, 
Ik cause 1 RL, is kept LOW up to h. From b to c it also remains at a 1, because both 
PRE and CLR arc a L 


3. Since the flip-flop is in the clocked mode (i.e. PRE = 1 and CLR - 1) and since 

J and K arc both a 1, the flip-flop toggles and goes to a 0 at the negative-going edge 

of the third clock pulse at c. 

4. At d, PRE goes LOW. So, Q is SET to a 1 and remains SET till e 

5. At c, ( LR goes LOW, So, Q is RESET to a 0 and remains RESET till f. 

6. After f, Q toggles and goes to a 1 at g at the negative-going edge of the seventh 
clock pulse. 

7. At h, CLR goes LOW. So, Q also goes LOW. 


8.6 FLIP-FLOP OPERATING CHARACTERISTICS 

Manufacturers of 1C flip-flops specify several important characteristics and tinting 
parameters that must be considered before a flip-flop is used in any circuit application. They 
are typically found in the data sheets 'or ICs, and they are applicable to all flip-flops 
regardless of the particular form of the circuit. 

propagation Delay Time 

The output of a flip-flop will not change state immediately after the application ol the clock 
signal or asynchronous inputs. The time interval between the time of application of the 
triggering edge or asynchronous inputs and the time at which the output actually makes a 
transition is called the propagation delay time of the flip-flop. It is usually m the range of 
a few ns to 1 us. Several categories of propagation delay are important in the operation o 
a flip-flop. The propagation delays that occur in response to a positive transition on the 

clock input are illustrated in Fig. 8.30. They arc. 
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t ™ thi- trinncring of the clock pulse to the LOW- 

,. Propagation delay l rL „ ^“"‘putTshovm >■> Fig 8 - 30a> ' 

to*HlGH transition of the onp^ ^ ^ of lock pulsc to the 

2. Propagation delay 'phl outpu t (shown in Pig- 8.30b). 

HIGH-lo-LOW transition „ flip-flop's asynchronous 

n. a.« 

inputs (PRESET and CLEAR) arc 


CLR 


PRE 


50% point on the triggering edge 


50% point on the triggering edge 


Q 


50% point on the LOW-to-HIGH 
transition of G 


50% point on the HIGH-to-LOW 
transition of G 


Q 


Wh 


tpHL 


(a) 


(b) 


Fig. 8.31 Propagation delays ( Pu „ and t mL w.r.t. PRESET and CLEAR. 

, pronaeation delay , PL „ measured from the PRESET input to the LOW40-H1GH 

1, Propagation plh ;ii„ctrate<; this delay for active-LOW i . 

transition of the output. Figure 8.3 la. illustrates this delay 

■ A I . f measured from the CLEAR input to the HIGH-to luvv 

2. Propagation delay r PHL measured his dclay for active-LOW CLEAR. 

transition of the output. Figure 8.31b illustrates this ac y ¥L 

Note .ha, these delays are measured between the 50% points on the 

waveforms. The propagation delays f PU i and r PML are usually in 8 by ,h c Q 

: %. They increase in direct proportion to the number of loads being driven by 

output. 

Set-up Time 

The set-up time (,,) is the minimum time for which the control levels need to be maintained 
constant on the input terminals of the flip-flop, prior to the arrival of the trigger! 8 8 thc 

clock pulsc. in order to enable the flip-flop to respond reliably. Figure 8.32a illustra 

set-up time for a D flip-flop. 

Hold Time 

■ * /ifi 

The hold time (f h ) is the minimum time for which the control signals need to be 

constant at the input terminals of the flip-flop, after the arrival of the tri | 8 ““' 8 “ 8C thc 
clock pulse, in order to enable the flip-flop to respond reliably. Figure 8.32b illusl 

hold time for a D flip-flop. 
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Maximum Clock Frequency 


The maximum clock frequency (/ MAX ) is the highest frequency at which a flip-flop can 
be reliably triggered. If thc clock frequency is above this maximum, the flip-flop would 
be unable to respond quickly enough and its operation will be unreliable. The f MAx limit 
will vary from one flip-flop to another. 


Pulse Widths 


i he manufacturer usually specifies the minimum pulse widths for the clock and asynchronous 
inputs. For the clock signal, the minimum HIGH lime f w (H) and the minimum LOW time 
/ W (L) are specified and for asynchronous inputs, i.e. PRESET and CLEAR, the minimum 
active state time is specified. Failure to meet these minimum time requirements can result 
in unreliable operation. Figure 8.33 shows pulse widths tor CLK. and asynchronous inputs. 


CLK 


PRE 



(a) CLK 

Fig. 8.33 Minimum pulse widths. 


(b) PRESET or CLEAR 


Clock Transition Times 

^ Ul reliable triggering, thc clock waveform transition times (ri 


and fall times) should be 





























































*» *+-****<**• , he lransitlons from one .eve. 

. rt , f th( . dock signal takes too long to make 

tjiti nop ™ *»* 

power Dissipation device. It is equal 

The power dissipation of a flip-flop ^ drawn front the supply by it. 

, 0 fte product of the supply voltage Ccd 

P - Vcc X l CC 

The power dissipation of ,MjJ ^.pates /> n,W of power, the 

If a digital system has N flip-flops 
total power requirement /Vor _ w x P) m W 

p ~ = N * Fee x *cc ; 

T0T t vnltanes output voltages, noise 

Many other characteristics such as to logic gates, 
margin, etc., will be discussed m Chapter 

clock Skew end Time Rsce 

One of the most common timing oMhrough logic gates 

nip - nop - * expericnced at * ,np 

of another . * r . irmiitaneouslv lo all flip-flops in & synchron 

The dock signal which is app ic s caused by wiring between components, an 
system may undergo varying degrees o y times -fl,* dc | ay is called clock 

arrive at the CLK. inputs of different flip-fl P docked before it receives a new 

skew. If the clock skew is minimal, a g Qn , hc otbcr h a n d, if thc clock 

input (derived from the output of another dflfeA*^ cbangcd beforc the clock 
pulse is delayed significantly, thc inpu P f a mce bctwccn the two competing 

pulse arrives. In these situations, we have a kind o^ar^cv^ ^ ^ tim mce . 

signals that are attempting to accomp isi pp , . oroDa eation delays—delays that 

The winner in such a race depends large y °" “ npr ^ ^ ith environmental conditions, 

can vary from one device to another and thatcanjhang . rcsponsc s of a fltp-flop 

Lt is clear that reliable system operation IS not poss.blc when 

depend on the outcome of a race. 

Potential Timing Problem in Flip-flop Circuits ^ ^ 

A typtca. sima, ion where *£££** 

.he po^2 

The potential timing problem is like this. Since wiU bc in a changing 

transition of the clock pulse, the S, input Ld to an unpredictable 

state as it receives the same positive-going transition. I his cornu 

response at Q 2 * 
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Let us assume that, initially Q, = 1 and Q 2 = 0. Thus, FF, has S, *= 0, R, = 1 and FF 2 
has S - 1, R 2 = ® P r ' or to positive-going transition of the clock pulse. When the 
ositivc-going transition occurs, Q 1 will go to the LOW state, but cannot actually go LOW 
until after the propagation delay / PHL . The same positive-going transition will reliably clock 
pp t0 tbc 1 SIGH state, provided that / PHI is greater than the FF 2 ’s hold time requirement 
[f this condition is not met, the response of FF 2 will be unpredictable. 

' Fortunately, all modem edge-triggered flip-flops have hold time requirements that are 
- ns or i CSS ; most have / h = 0 which means that they have no hold time requirements. So, 

we can say that: 

"The flip-flop output will go to a state determined by the logic levels present at its 

synchronous control inputs just prior to the active clock transition." 

f we apply this rule to Fig. 8.34, it says that Q 2 of FF, will go to a state determined 
bv the S 2 = 1 and R 2 = 0, a condition that is present just prior to the positive-going transition 
of the clock pulse. The fact that S 2 is changing in response to the same positive-going 

transition has no effect on Q 2 - 
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of Q- 


Fig. 8.34 Illustration of timing problem. 

8.7 MASTER-SLAVE (PULSE-TRICCERED) FLIP-FLOPS 

Before thc development of edge-triggered ^ by aXrf flip- 

the timing problems such as those shown in Fig. ■ 

flops called the master-slave flip-flops. svnehronous operation more 

I'he master-slave flip-t op was develope in clocked nip-flops. This 

predictable, thal is, to avoid the problems g , 0 the width 0 f one 

improvement is achieved by introducing a kn0 " (o a j 0 ^ k pu , se an d the time the 

clock pulse) between the time that the n 'P- n “P £ a|$o ca| , ed a pu l se -i r iggered flip- 
response appears at tts output. A master-slave p P state equals thc width 

flop because the length of the time required for 1 s p 

0 ! one clock pulse. .. flin-floDS—a master 

The master-slave or pulse-triggered flip-flop> actua y ^ the master nip-flop and 

flip-flop and a slave flip-flop. The control inp ani Sf cat i on 0 f the clock pulse. On the 
maintained constant for the set-up time f s prior ^0 L _P . use d to determine the 

nsin g edge of the clock pulse, the levels on the con ro 0 p tbe master is 

output of the master. On the falling edge of the clock pulse, ^ ^ ^ ^ 

transferred to the slave, whose outputs arc Q an Q (hc c|ock Thesc mastcr . 

ntl Pv i e. Q and Q change just after the negative-going . ^ flip-flops except for one 

s,av ° flip-flops function very much like the negative j s HIGH, otherwise 

ma jor disadvantage. The control inputs must be held stable while u 
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_ rtir This nroblem with the master-slave flip-tlop is 
an unpredictable operation - . ca n e d the master-slave with data lock-out. 

overcome with an * «d Mb The J-K is by 

There are three J 8 . 35 shows the logie symbols. The key 

tar the most commonly available in iL iomi. rigui* 
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(c) J-K flip-flop 
■flops. 


(a) S-R flip-flop ( b ) D fl'P"fl°P 

Fig. 8.35 Logic symbols of master-slave 

The Master-slave (Pulse-triggered) S-R Flip-flop 

Figure 8.36 shows the logic diagram and the truth table of a master-slave, S-R flip-flop. The 
truth table operation is the same as that for the edge-triggered S-R flip-flop except for 
way it is clocked—internally though the master-slave type is quite different. The external 
control inputs S and R are applied to the master section. The master section is basically a 
gated S-R latch, and responds to the external S-R inputs applied to it at the positive-going 
edge of the clock signal. The slave section is the same as the master section except that 
it is clocked on the inverted clock pulse and thus responds to its control inputs (which arc 
nothing but the outputs ofthe master flip-flop) at the negative-going edge of the clock pulse. 
Thus, the master section assumes the state determined by the S and R inputs at the posilive- 
going edge of the clock pulse and the slave section copies the state of the master section 
ai the negative-going edge of the clock pulse. The state of the slave then immediately 

appears on its Q and Q outputs. 
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No change 
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(a) Logic Diagram 


{b) Truth table 


Fig. 8.36 The master-slave S-R flip-flop. 
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EXAMPLE 8.7 The waveforms shown in Fig. 8.37a are applied to the master-slave (lip-flop 
shown in Fig. 8.36. Draw the output waveform. 
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Fig. 8.37 Waveforms— master-slave flip-flop {Example 8.7). 
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us assume that, initially the flip-flop is SET, i.e. Q 1 and the control inputs are S 

llR l R = 1 ft.wl ~C __ lo e. 1 


1 and the output of master is a 1. , . fr 

At the positive-going edge ofthe first clock pulse, the master resets, t.e. - V 
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operation. At the positive-going edge of the second clock pulse S- 1 and R 0 (and G 3 
= 0 O = 0) So the master sets, i.e. the output of G-, goes HIGH. At the negattve-gpmg 
“ dge of the 'second clock pulse, the slave copies this action of the master and, therefore, 

At the positive-going edge of the third clock pulse, S = 0 and R = 1. so, the master resets, 
i.e. the output of G 3 goes LOW. At the negative-going edge of the third clock pulse, the slave 

copies this action of the master and, therefore, Q goes LOW. 

At the positive-going edge of the fourth clock pulse, S = 0 and R = 0 (the output 
of G- = 0 . Q = 0). So. there is no change in the state of the master. Hence, there will not 
be any change in the state of the slave at the negative-going edge of that clock pulse and 

Q, therefore, remains LOW. 

The output waveform is shown in Fig. 8.37b. 


The Master-slave (Pulse-triggered) D Flip-Flop 

The truth table operation of the master-slave D tlip-1 lop shown below is the same as that 
of the negative edge-triggered D flip-flop except for the way it is triggered. The D input 
is transferred to the master at the positive-going edge of the clock pulse and the same is 
copied by the slave and, therefore, appears at the Q output of the slave at the negative-going 
edge of the clock pulse. The truth table of the master-slave D flip-flop is shown below: 


Inputs 

Output 

Comments 

D CLK 

Q 


0 XL 

0 

RESET 

i XL 

1 

SET 


EXAMPLE 8.8 The waveforms shown in Fig. 8.38a are applied to the master-slave D flip- 
flop shown in Fig. 8.38b. Draw the output waveform. 
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(a) Input waveforms 
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(c) Output waveform 
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(b) Logic symbol 


Fig. 8.38 Waveforms—master-slave D flip-flop (Example 8.8). 




Solution 




The outpu-. waveform shown in Fig. 8.38c is drawn as explained below: 

Assume that initially Q = 1. At the positive-going edge of the first clock pulse, D is 
LOW. So, Q goes LOW at the negative-going edge of the first clock pulse. 


HIGH. So, Q goes HIGH 


tie 


At the positive-going edge of the second clock pulse, D h 
;]l the negative-going edge of the second clock pulse. 

D is LOW at the positive-going edge of the third clock nuke n 
gative-going edge of the third clock pulse, and so on ’ ^ 8 ° LS L0W at lhe 

A major restriction on the use of a master-slave flin-flon is that th a ■ . 

be held constant while the clock is HIGH. If the data change's sJL wHt T, v T 
is HIGH, the master responds Immediately to the new data, thus, loosing the data wlhieh wal 
available at the preceding posittve-gomg edge of the clock pulse. The slave then respond! 
;his new state ot the master at the next negative-going edge of the A,. .. 


ft. , 65 h UIC UOCK P u <se. | he slave then resnonds 

,0 this new state of the master at the next negative-going edge of the clock pulse Thus 

«" n ' P ' n °P p ;rt e h s an T*!' t0 ,he input (art seen while the clock 

Ise was HIGH. This is illustrated by the example given below. 


pu 


8.39a are applied to the master-slave D flip- 
flop shown m rig. 8.39b. Draw the output waveform. 
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(a) Input waveforms 
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(c) Output waveform 
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(b) Logic symbol 


Fig. 8.39 Waveforms—master-slave D flip-flop (Example 8.9). 


Solution 


I lie output waveform shown in Fig. 8.39c is drawn as explained below: 

At the positive-going edge of the third clock pulse, D is HIGH, but Q goes LOW at the 
negative-going edge of this clock pulse because D went LOW when the third dock pulse 

W£ »s still HIGH. 

At the positive-going edge of the fourth clock pu se, D is LO'A. out Q goes HIGH at 
c ne gative-going edge of this clock puise, because D went HIGH when the fourth clock 
pulse was stilt HIGH 

r,ae Ma ster-slave (Pulse-triggered) J-K Flip-flop 

. n . re ^*40 shows the logic diagram and the truth table ot a master-slave J-K flip flop. I he 
th ‘, 1 table operation is the same as that of a negative edge-triggered J-K flip-flop except for 
in which it is triggered. The logic diagram of the master-slave J-K flip-flop <s similar 
t . dt of tfle master-slave S-R flip-flop. The difference is that the Q output is connected back 

i nn U,put of Q a and the Q output is connected back to the input of G, and the external 

S ;ire lics <gnatcd as J and K. 
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K C 
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JT 

0 

RESET 

1 
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J~L 

1 

SET 

1 

1 

JT 

Qo 

Toggle 


Slave 

(a) Logic diagram 

Fig. 8.40 The master-slave J-K flip-flop. 


(b) Truth table 


EXAMPLE 8.10 The waveforms shown in Rig. 8.41a are applied to the master-slave J-K 
flip-flop shown in Fig. 8.41b. Draw the output waveform. 
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(a) Input waveforms 
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(c) Output waveform 
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(b) Logic symbol 


Fig. 8.41 Waveforms—master-slave J-K flip-flop (Example 8.10). 


Solution 


Ihe output waveform shown in Fig. 8.41c is drawn as explained below: 

Initially, J = 0 and K = 1 and the flip-lop is assumed to be in SET state, i.e. Q = 1* 
At the positive-going edge of the first clock pulse, J = 0 and K = 1. So, the flip-flop 
resets, and Q goes LOW at the negative-going edge of this clock pulse. 

A the positive-going edge of the second clock pulse, J = 1 and K = 0. So, the flip-flop sets, 
and Q goes HIGH at the negative-going edge of this clock pulse. " 

At the positive-going edge of the third clock pulse, J = 0 and K = 0. So, there wilt not be 
any change in tne state of the flip-flop at the negative-going edge. Thus, the flip-fh'P 
remains SET. Hence Q remains HIGH, fherc afterwards, both J and K remain HIGH. So, 
the flip-flop will be in toggle mode. Hence, Q goes to the opposite state at the negative-going 
edge ot each of the subsequent clock pulses. 

The Data Lock-out Flip-flop 


Earlier it was mentioned that a severe limitation of the master-slave flip-flop is that the 
data inputs must be held constant while the clock is HIGH, because it responds to any 
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changes in the data inputs when the clock is HIGH. This problem is overcome in the data 
lock-out flip-flop. 

I he data lock-out flip-flop is similar to the master-slave (pulse-triggered) flip-flop 
except that it has a dynamic clock input, making it sensitive to the data bits only during 
clock transitions. After the leading edge of a clock transition, the data inputs are disabled 
and thus not held constant while the clock pulse is HIGH. In essence, the master portion 
of this flip-flop is like an edge-triggered device and the slave portion performs like the slave 
in a master-slave device to produce a postponed output. 

Figure 8.42 shows the logic symbol for a data lock-out J-K flip-flop. Note that this 
symbol has both the dynamic input indicator for the clock, and the postponed output indicators. 
This type of flip-flop is classified by most manufacturers as a master-slave vv ith a special lock¬ 
out feature. The master-slave flip-flop has now become obsolete although we may encounter 
it in older equipment. 


j 

“1 ■ 

>c 


K 

H 


Fig. 8.42 Logic symbol of the master-slave J-K flip-flop with data lock-output. 


8.8 CONVERSION OF FLIP-FLOPS 


To convert one type of flip-flop into another type, a combinational circuit lc Uusigned such 
that if the inputs of the required flip-flop are fed as inputs to the combinational circuit and 
the output of the combinational circuit is connected to the inputs of the actual flip-flop, then 
the output of the actual flip-flop is the output of the required flip-flop. 


S-R Flip-flop to J-K Flip-flop 

Here the external inputs to the already available S-R flip-flop will be J anu K, S and R 
are the outputs of the combinational circuit, which are also the actual inputs ttf the 
S-R flip-flop. We write a truth table with J, k. Q„, Q„ +1 , S, and R. where Q„ is the 
present state of the flip-flop and Q„., is the next state obtained when the particular J 

and K inputs are applied. 

J. K and Q can have eight combinations. For each combination of J, K. and Q„. find 
the corresponding i.c. determine to which next state (Q,,. ) the J-K. flip-flop wilt go 

from the present stale Q, ( if the present inputs J and k ate applied. Now complete the table 
by writing the values of S and R required to get each Q„+| trom the corresponding Q n , i,g, 
write what values of S and R arc required to change the state ot the flip-flop from Q,, to 

Q„.i- ... 

The conversion table* the K-niaps tor S and R in terms ot J, K* and Q f> and ihe logic 
diagram showing the conversion troni S-R to J-K. jk shown in Fig. S t 4^, 
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(a) Conversion table 




S = JQn 


R = KG 


n 


(b) K-maps for S and R 

Fig. 8.43 Conversion of S-R flip-flop to J-K flip-flop 


J-K Flip-flop to S-R Flip-flop 


Here. S and R become the external inputs, and the outputs of the combinational circuit are 
the actual inputs to the J-K flip-flop. So, we have to get the values of J and K in terms 
of S, R and Q n . Thus, write a table using S, R, Q n , Q w+ |, J, and K. The external inputs 
S and R and the output Q ft can make eight possible combinations, for each combination, 
find the corresponding Q n+ . In the S-R flip-flop, the combination S = 1 and R = I is not 
permitted. So, the corresponding output is invalid and, therefore, the corresponding J and 
k are don’t cares. Complete the table by writing the values of J and K required to get each 
Q n+l from the corresponding Q w . 

1 he conversion table, the K-maps for J and K in terms of S, R, and Q„ and the logic 
diagram showing the conversion from J-K to S-R arc shown in Fig. 8.44. 

S-R Flip-flop to D Flip-flop 


U is the external input to the flip-flop, S and R arc the actual inputs to the flip-flop. Express 

S and R in terms of D and Q n . 

The conversion table, the K-maps for S and R in terms of D and Q„, and the logic 
diagram showing the conversion from S-R to D are shown in Fig. 8.45. 


D Flip-flop to S-R Flip-flop 

S and R are the external inputs and D is the actual input to the flip-ilop. S, R, and Q„ make 
eight possible combinations, but S = R = 1 is an invalid combination. So, the corresponding 
entries for Q fl+ , and D are the don't cares. Express D in terms of S, R, and Q„. 
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(a) Conversion table 
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(cj Logic diagram 
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(b) K-maps for J and K 


K = R 


Fig. 8.44 Conversion of J-K flip-flop to S-R flip-flop. 
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(a) Conversion table 
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(b) K-maps for S and R 



(c) Logic diagram 


Fig. 8.45 Conversion of S-R flip-flop to D flip-flop. 


! he conversion table, the K-map for D in terms of S, R, and Q„ and the logic diagram 
showing the conversion from D to S-R are shown in fig. 8.46. 
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(a) Conversion table 

Fig. 8.46 
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D = S + RQ„ 


(b) K-map for D 
Conversion of D flip-flop 
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(C) Logic diagram 

to S-R flip-flop. 
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j-K Flip-flop to T Flip-flop 

1' is the external input and J and K arc the actual inputs to the Hip-Mop. T and Q„ 

w combinations Express J and K in terms of T and Q„. 

The conversion table, the K-maps for J and K in terms of T and Q- and the 

diaeran, showing the conversion from J-K to T arc shown in Hg. 8.47. 
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-a Conversion table 
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(b) K-maps for J and K 


(c) Logic diagram 


Fig. 8.47 Conversion of J-K flip-flop to T flip-flop. 


J-K Flip-flop to D Flip-flop 

D is the external input and J and K are the actual inputs to the flip-flop. D and Q„ make 

four combinations. Express J and K in terms of D and Q„. 

The conversion table, the K-maps for J and K in terms of D and Q„, and the logic 

diagram showing the conversion from J-K to D are shown in Fig. 8.48. 
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J = D K = D 


(a) Conversion table 

Fig. 8.48 


(b) K-maps for J and K 

Conversion of J-K flip-flop to D flip-flop. 


(c) Logic diagram 


D Flip-flop to J-K Flip-flop 

* 

xtemal inputs and !) is the actual input to the flip-flop. J, K, and Q„ make 

eight combinations. Express D in terms of J, K, and Q„. 

The conversion table, the K-map for D in terms of J, K, and Q„ and the logic diagram 
showing the conversion from D to J-K are shown in Fig. 8.49. 
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(a) Conversion table 

Fig. 8.49 


(b) K-map for D 


(c) Logic diagram 


Conversion of D flip-flop to J-K flip-flop. 


8-9 APPLICATIONS OF FLIP-FLOPS 

There are a large number of applications of flip-flops. Some of the basic applications are 
parallel data storage, serial data storage, transfer of data, frequency division, counting, 
parallel to serial conversion, serial to parallel conversion, synchronizing the effect ot 
asynchronous data, detection of an input sequence, etc. i liese are discussed in detail as 

under. 


Parallel Data Storage 

A group of flip-flops is called a register. To store a data of N bits, .V flip-flops are required. 
Since the data is available in parallel form, i.e. all bits are present at a time, these bits may be 
made available at the D input terminals of the flip-flops and when a clock pulse is applied to 
all the flip-flops simultaneously, these bits will be transferred to the Q outputs ot the flip-flops 
and the flip-flops (register) then store the data. The use of the flip-flops tor parallel data 

storage is illustrated in Fig. 9.17 (see Section 9.8). 


Serial Data storage 

To store a data of N bits available in serial form, N number of D flip-flops are connected 
in cascade The clock signal is connected to all the flip-flops. The serial data is applied to 
the D input terminal of the first flip-flop. Each clock pulse transfers the D input to its Q 
output So after N clock pulses the register (group of flip-flops) contains the data and 
then stores it. The use of flip-flops for serial data storage is illustrated in Fig. 9.10 

n — 4 \ 


Transfer of Data 


Data stored in flip-flops may be transferred out in a serial fashion, i.e. bit-by-bit from the 
output of one flip-flop or may be transferred out in parallel form, i.e. all bits at a time from 

the Q outputs of each of the flip-flops. 
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Serial-to-Parallel Conversion 

, m . i„ serial form into parallel form the serial data arc first entered 
To convert the data available■ shjft Jgjug (a group of flip-flops connected in 

and Stored m a sena'-tn p , ai|ab|e simultaneously at the outputs of the fl.p-llops, 

cascade) and then, since To convcrt an Af-bit serial data to parallel form. N flip- 

the data may be taken out P - ■ (o enter , he data in serja | fonll an d one clock 

flons are required. A Clock pui^cs e»i>- m 

lK " 4 . . . .viifr the data out in parallel form. 

—^ conversion is illusha.ed in Fig. 9.13 (Section 9.6). 

parallel-to-Serial conversion 

_ . th , available in parallel form into serial form, the parallel data arc first 

To convert the data register jn para |l e l fomt, i.e. all bits at a time and 

thcnThal^daia'felted out of the register serially, i.e. bit-by-bit by the application of clock 
then that data is s sen al fotm, N flip-flops are requtred. One clock 

is ra^r,o sJf, the P parallel data into the register and V clock pulses are required 
° The use of*fli>flops for parallel-to-scrial convetsion is illustrated in Fig. 9.15 (Section 9.7). 

Counting 

A number of flip-flops may be connected in a particular fashion to count the pulses 
electronically. One flip-flop can count up to 2 pulses, two flip-flops can count up to 2 
4 pulses. In general, N flip-flops can count up to 2 s pulses. In a simple counter all the flip- 
flops are connected in toggle mode. The clock pulses are applied to the first flip-flop and 
the clock terminal of each subsequent flip-flop is connected to the Q output of the previous 
flip-flop. Feedback may be provided if the maximum count required is not 2 . Flip-flops 
mav be used to count up or down or up/down. Figures 10.1, 10.2, 10..>, 10,7, It).8, and 
10.9 illustrate the use of flip-flops for counting. h* 

Frequency Division 

Flip-flops may be used to divide the input signal frequency by any number. A single flip- 
flop may be used to divide the input frequency by 2. Two flip-flops may be used to divide 
. rpj frequency by 4. In general, N flip-llops may be used to divide the input frequency 
r 7 A’ flip-ilops are connected as a ripple counter (a counter in which the external 
signal is applied to the dock terminal of the first flip-flop and the Q output of each flip- 
flop is connected to the clock input of next flip-flop) and if the input signal of frequency 
o the first flip-flop, the output of this flip-flop will be of frequency //2, the output 
oi the second flip-flop will be of frequency //4, and so on. 

figure 10.7a and the waveforms in Fig. 10.7b (also Figs 10.1, 10.2, 10.4, 10-5) 
illustrate the use of flip-flops for frequency division. ’ T| 

8.10 ANSI/IEEE SYMBOLS 

The .symbols which we have used till now for the latches and the flip-flops are called the 
traditional symbols. We now introduce the ANSI/IEEE symbols for the latches and tlip-HopS. 
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Figure 8.50a shows the A li flE logic symbol for a single D latch. It uses the letter 

C to denote the ENABLE input, (n fact, the ANSI/IEEE symbology uses C for any input 
that controls the efh.\ ol other inputs on the output. The logic level applied to the F.NABLE 
input controls the D input when the same is applied to effect a change in Q and Q. Note 
that the outputs Q and Q are labelled outside the block. The right triangle on Q indicates 
that it is an inverted output. 


ENABLE 



(a) 0 latch 


ID 

ENABLE 


2D 

3D 

ENABLE 


4D 

(b) 7475 quad D latch 



Fig. 8.50 ANSI/IEEE logic symbols. 


Figure 8.50b shows the ANSI/ IEEE logic symbol for the IC—TTL 7475 quad latch. 
This IC contains four D latches that operate individually in a manner described earlier. This 
symbol also applies to the corresponding ICs in the other TTL and CMOS series, for 
example, 74LS75, 74L75, 74C75, and 74HC75. 

The overall symbol outline for the 7475 IC contains four smaller rectangles that 

represent the individual latches. Note how the inputs and outputs to each latch are labelled. 
For example, the input to the top latch is labelled ID, its ENABLE input is labelled Cl and 
its outputs arc IQ and 1 Q, The top two latches have a common ENABLE input, that is, 
Cl and C2 are connected together internally and brought out to a single pin on the IC 
package. I .ikewise, the bottom two latches share a common ENABLE input. 

Figure 8.51a shows the ANSI/IEEE logic symbol for a positive edge-triggered D flip- 
flop with asynchronous inputs. The clock input is labelled C inside the symbol s rectangular 
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(a) Positive edge-triggered D Flip-flop (b) 74LS175D Flip-flop 

Fig. 8.51 ANSI/IEEE logic symbols. 
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, n at c indicates that the nip-flop is positive edge-triggered. The PRE and 
outline. The g symb olized by the right triangles. The labels S and R inside 

™r^ynchronous SET and RESET which are etptivalent to PRESET and 

^RgurT^lb'shows the ANSI/IEEE logic symbol for a 74LSI75 1C which contains 
four D flip-flops that share a common CLK input and common CLR input. The flip-flops 
rim have a PRE input. This symbol contains a separate rectangle to represent each flip- 
Pop and a special common control block which is the notched rectangle on top. Ihe 
omrnon control block is used whenever an IC has one or more inputs thatare common 
o mom than one circuit on the chip. For the 74LS.75 1C, the CLK and CLR inputs are 
common to all the four D flip-flops on the IC. This means that a positive-going transition 
Dn CLK will cause each Q output to take on the level present at its D input, it also means 

that a LOW on CLR will CLEAR all Q outputs to the LOW state. 

Figure 8 52a shows the ANSI/IEEE logic symbol for a negative edge-triggered J-K flip- 
lop with asynchronous inputs. The right triangle at C outside the rectangle indicates that 
he flip-flop is triggered at the negative-going transition of the clock. 


PRE 




2 CLR —^ 


(a) Negative edge-triggered J-K flip-flop 


(b) 74LS112 J-K flip-flop 


Fig. 8.52 ANSI/IEEE logic symbols. 


F:gure 8.52b shows the ANSI/IEEE logic symbol for the IC 74LS112, that is part of 
tie 74LS series of TTL devices. The 74LS112 1C is a dual negative edge-triggered J-K flip- 
flop with active-LOW PRESIST and active-LOW CLEAR. It contains two J-K flip-flops like 
the one shown in Fig. 8.52a. The symbol contains two rectangles one for each flip-flop- 
Note ho., the mputs and outputs are numbered. Also note that the input labels inside the 
rectangles are shown only for the top flip-flop. It is understood that the inputs to the bottom 
flip-flops are in the same arrangement as those to the top one. This same 1C symbol 
represents both 74S112 and 74HC112 chips. 

Figure 8.53a shows the ANSI/IEEE logic symbol for the 74LS111 dual J-K master-slave 

flip-flop with data lock-out. 

Figure 8.53b shows the ANSI/IEEE logic symbol for the 74H71 J-K master-slave 
(pulse-triggered) flip-flop. As can be seen from the figure, the following logic operations 
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are performed on the inputs to generate J and K. 

U = (J1A • JIB) + (J2A • J2B) 
IK = (K1A • K1B) + (K2A • K2B) 


1 PRE 
fj 
t CLK 
IK 

1 CLR 

2 PRE 

2J 

2 CLK 
2K 
2 CLR 




s 


1 

a 

> 1 




ij 



“1 

Cl 


1 

a 

> i 



IK 


( 6 ) 




(3) - 


Q 
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Fig. 8.53 ANSI/IEEE logic symbols. 


The 74H71 


flip-flop does not have data lock-out, since the clock input is not dynamic. 


8.11 SCHMITT TRICCER 


A Schmitt trigger is not classified as a flip-flop, but it does exhibit a type of memory 
characteristic that makes it useful in certain special situations. 

A Schmitt trigger inverter accepts slow changing signals and produces an output that has 
oscillation-free transitions. Figures 8.54a and f show a Schmitt trigger inverter and its 
response to a slow changing input. From the waveform of Fig. 8.54f, it can be noticed that 
the output does not change from HIGH to LOW until the input exceeds the positive-going 
threshold voltage V T+ (also called UTL) and then remains LOW even if the input falls below 
V T+ and changes from LOW to HIGH only when the input falls below the negative-going 
threshold voltage V T (also called LTL). Logic designers use ICs with Schmitt trigger inputs 
to convert slow-changing signals to clean, fast-changing signals that can drive standard IC 
inputs. 

There are several ICs available with Schmitt trigger inputs. The 7414, 74LSI4, and 
74HC14 are hex inverter ICs with Schmitt trigger inputs. The 7413, 74LS13, and 74HCI3 are 
dual 4-input NANDs with Schmitt trigger inputs. The 74132 contains four 2-input NAND gates 
with built-in Schmitt triggers. 

The logic symbol for these devices shown in Figs. 8.54a, b, and c contain a box-like 
symbol called the hysterisis loop , which represents the transfer characteristic (output 
voltage vs input voltage) of a device having hysterisis. The lower and upper trigger levels 
of [ TL Schmitt triggers are fixed by design, therefore, hysterisis is not adjustable. Typical 
values are, K T+ = 1.7 V and V T _ = 0.9 V, giving a hysterisis of 0.8 V. 

Figure 8.54d shows a Schmitt trigger inverter using an op-amp. Figure 8.54e shows the 
hysterisis loop. 
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( a) sd-yy &ff3SSSZ XSSSSSi 



(d) Schmitt trigger using an op-amp 
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2Y 


3Y 


4Y 


V T - 




(g) ANSI/IEEE standard logic symbol for the 74132 quad-2 
input NAND Schmitt trigger 


Fig. 8.54 ICs with Schmitt trigger inputs. 


Figure 8.54g shows the ANSI/IEEE logic symbol for 74132 quad 2-input NAND 

Schmitt trigger. 


8.12 MONOSTABLE MULTIVIBRATOR (ONE-SHOT) 

There are three types of multivibrators: (1) Bistable multivibrator, commonly known as 
flip-fiop. (2) monostable multivibrator, commonly known as one-shot or single-shot or 
simply monostable, and (3) astable multivibrator usually called free-running multivibrator. 

A bistable multivibrator (flip-flop) has two stable states. A stable state is a state it' 
which the multivibrator can remain indefinitely. A triggering signal is required to change 
the state of the bistable multivibrator. It flip-flops (i.e. changes back and forth) between 
its two stable states when triggering pulses are applied. jrhe 

A monostable multivibrator, as the name itsell indicates, has only one stable state. _ 
other state is quasi-stable. When triggered, it changes from its stable state (LOW state) to 
quasi-stable state (HIGH state) and remains there for a specified length of time before return ^ 
automatically to its stable state, i.e. it produces a pulse of predetermined width in 
to a trigger input. The trigger itself may be a pulse, whose LOW-to-HIGH or HIGH'to-L 
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transition (depending on design) initiates the output pulse. The width of the output pulse is 
usually determined by the resistance and capacitance values in an RC network, called the 
timing circuit, connected to the device. A monostable multivibrator is often called simply 
a monostable, a one-shot or a single-shot because it produces a single pulse in response 
to a trigger input. The output of the monostable is labelled Q. Many monostables also have 

a Q output, the complement of Q which goes LOW when Q goes HIGH and vice versa. 

figure 8.55a shows a basic one-shot circuit composed of a NOR gate and an inverter. 
In the normal stable state, the input is LOW and Q output is also LOW. So, the output of 
the NOR gate (G ( ) is HIGH. When a positive triggering pulse is applied to G|, the output of 
G, goes LOW, This HIGH-to-LOW transition is coupled through the capacitor to the input 
to inverter (G 2 ). The apparent LOW on G 2 makes its output go HIGH. This HIGH is 
connected back into G t keeping its output LOW. So, a trigger pulse has caused the Q output 
to go HIGH. 

The capacitor immediately begins to charge through R towards the HIGH voltage level. 
The rate at which it charges is determined by the RC time constant. When the capacitor 
charges to a certain level which appears as a HIGH to G 2 , the output goes back to LOW. So. 
a pulse of fixed time duration is generated at the Q terminal of the monostable circuit. 




t, t 2 
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t 

Apparent LOW 
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(a) Using a NOR gate and an inverter 



(b) Using NAND gates 


Fig. 8.55 Monostable circuits. 


Figure 8.55b shows a monostable using NAND gates, G t is a 2-input NAND gate. G 2 
is used as an inverter. Under the resting condition, voltage across R is zero which is the 
input to G->. So, the output of G 2 is HIGH. As both the inputs to G] are HIGH, its output 

is LOW. 

When a negative trigger is applied at G„ the output of G, goes HIGH. Since the 
voltage across C cannot change instantaneously, this appears as a HIGH at the input to G 2 , 
and. therefore, its output goes LOW. As the capacitor charges, the voltage across R and, 
therefore the input to G 2 decreases with a time constant RC. When this voltage tails below 
a certain level it appears as a LOW to G 2 , and, therefore, its output goes back to HIGH. So, 
a triggering pulse causes the output of the circuit to go LOW for a specific time. Hence, 

the circuit acts as a monostable multivibrator. 

Figure 8 56 shows the various logic symbols used for monostable multivibrators. 

Figure 8 57 shows a monostable multivibrator using 555 timer. The 555 timer is TTL 
compatible. The output at pin 3 is normally in LOW state. When a negative triggering pulse 
is applied at pin 2 the output goes HIGH for a specific time </ w - 1-1*0 and then comes 
back to Us normal LOW state. So, a positive pulse of width / w = \ ARC is generated. This 
is a non-retriggerabic one-shot. Application of new trigger pulses during the timing cycle 
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logger 



Stable state 
C = 0.Q = 1 


Quasi -stable state 
q*1,5«0 

(0 
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Normally 
Low output 

Normally 
High output 



| t <k HyCy 



(a) Traditional symbols 



(b) ANSI/IEEE symbols 


Fig. 8.56 Monostable multivibrators. 



has no effect. However, the RESET input at pin 4 can be used to terminate an output pulse 

during the timing cycle, if desired. 

integrated Circuit One-shots 

Tao types at one-shots are available in IC form—retriggerable type and non-retriggerable 
type. A retriggerable one-shot is one that accepts a new trigger input while the output 
puise produced by the previous trigger is still in progress. The new trigger initiates a new 
-iming cycle. So, the output pulse is extended, beginning from where the new trigg er 
occurred, for a length oi time equal to the monostable's full output pulse width. In other 
words, regardless of how long an output pulse had been HIGH, a new trigger input 
effectively restarts time and superimposes a new pulse beginning from where the trigg er 

A non retriggerable one-shot simply ignores any new trigger that occurs while 

a pulse output is in progress. > <ZPK 


Flip-Flops and Timing Circuits 351 


Figure 8.58a shows the waveforms for a non-retriggerable monostable multivibrator. 
From the waveforms, observe that if r p is the pulse width of the one-shot, the output of 
the one-shot goes HIGH only for whenever a positive going transition of the trigger 
occurs. Also, the duration of the triggering pulse is of no consequence. Also, a triggering 
pulse applied when the output is already HIGH, does not affect the output at all. 

Figure 8.58b shows the waveforms for a retriggerable one-shot. Note that the output 
remains HIGH for a time ? p after the application of the trigger at any instant. 

1'igure 8.58c shows the comparison of waveforms for the outputs of retriggerable and 
non-retriggerable one-shots. 



(a) Waveforms for non-retriggerable operation 



(b) Waveforms for retriggerable operation 



* 

(c) Comparison of waveforms for retriggerable and non-retriggerable operations 

Fig. 8.58 Waveforms of non-retriggerable and retriggerable monoshots. 

Actual Devices 

There arc several one-shot ICs available in both the retriggerable and non-retriggerable 
versions. The 74121 and 74L121 are single non-retriggerable one-shot ICs. The 74221. 
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. i „ Mtritraprahle one-shot ICs; the 74122 and 74LS122 
74LS221, and 74HC22I Ut 0 ‘ K 74LS12 3 , and 74HC123 are dual rctriggcrable 

are single retriggerable onc-shols. H>c /-ti 44 , 

one-sho, 10s non-retriggerable one-shot 1C. It is constructed with logic 

The 74121 is a • h hc cxtema | signal mputs arc connected to these 

rura low.,o.h.gh or by . h ,gh-,o.low ^ 

,rans ;r re J «, shows the wiring diagram of the 74121 with connections to the external 
Figure 8.. a CO vemina the operation and triggering ot this device is 

H C that the dcvice can be triggered by a HIGH-to-LOW transition 

^ho v m F g. 8.- • HIGH, or by a HIGH-to-LOW transition 

on r^AT-B-WH. It can also be triggered by a LOW-to-HIGH transition 
Bwhcn either A, or A. is LOW. Note that the AND gate incorporates a Schmitt trigger 
" provide sharp triggering from slowly varying inputs. The width of the output pulse 
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(a) Wiring diagram showing connection of the external RC timing circuit 


(b) Truth table 
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x indicates non-logic connection 
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(c) ANSI/IEEE logic symbol 

Fig. 8.59 The 74121 non-triggerable one-shot 1C. 
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produced by the 74121 is given by 

PW = (In 2)*„,c tll = 0.69R„C„ 

f igure 8.59c shows the ANSI/IEEE logic symbol for the 74121 non-retriggcrablc IC 
one-shot. I he qualifying symbol for a non-retriggerable monostable is a 1 followed by a 
single pulse. The quahlying symbol for a retriggerable monostable is a pulse. 

Figure 8.60 shows the wiring diagram and the truth table for one-hal of the dual 
74123 retriggerable monostable multivibrator. Note that this version has a CLEAR 
input 1 CLR) which, when made LOW will cause an output pulse, already in progress, 
to be terminated. 
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(a) Wiring diagram for one-half of the 74123 dual monostable. (b) Truth taofe 

Fig. 8.60 Dual 74123 retriggerable one-shot. 


When C ext > 1000 pF, the output pulse width is approximately given by 

= 0.28/? ext C ext (l + 0.7 /R e J 

■ f C exl is an electrolytic capacitor or if the CLR function is used, the manufacturer 
recommends that a diode be inserted between R exl and pin 15 (cathode to pin 15), and the 
coefficient 0.28 in the equation be changed to 0.25, 

Applications of Monostable Multivibrators 

Monostable multivibrators can be used for gating, creating time delays, generating a 
sequence of pulses, and for detection ot missing pulses, etc. 

Gating. In many digital systems, it is necessary to enable (disable) a logic gate to permit 
s ‘op) ihe passage of digital signals to another part of the system for a prescribed period 
time. A monostable can be used to enable (or inhibit) logic gates tor the necessary 

periods of time. The Q (Q) output of the monostable is connected as one input to an AND 
S a *e, whose other input is the clock signal. When a triggering signal is applied to the 
monostable, its Q output goes HIGH for a specific period of time enabling (disabling) the 
AND gate and thereby permitting (stopping) the passage ot the clock signal. 
























































































































*54 Fu nJamemals of Digital (ircuits 


Time delfts. Monostables are widely used to deliver a pulse for a certain duration alter the 
occurrence of another pulse. , e. to create a prescribed time delay tn delivering a pulse. For 
“^ple to delay a pulse of 1 us by I ms. the 1 ps pulse is applied as the triggering signal 

,0 ihe first one-shot (of r. = I ms) and the Q output of the first one-shot is applied as the 
triggering input to the second one-shot (of r„ = I (is). The output of the second one-shot 

is "then a 1 us pulse delayed by 1 ms. 


S\ nchronizin? Digital computer operations arc often synchronized by sequences of pulses 
tlut occur on different control lines at different times. A sequence of A pulses can be 

generated by using A/ onc-shots* 

Detection of missing pulses. A retriggerable monostable can be used to detect a missing 
pulse or the cessation of pulses in a pulse train that is supposed to consist of a sequence 
01 - regularly recurring pulses. For this, the pulse width of the retriggerable monostable is 
set to between 1 and 2 periods of the pulse train. The pulse train continually re-triggers the 
monostable which never goes to the OFF state unless a pulse is missing or the pulse train ceases. 


8.13 ASTABLE MULTIVIBRATOR 


As the name indicates, an astable multivibrator is a multivibrator with no stable states. It has 
t\v 0 states and both of them are quasi-stable. The moment it is connected to the supply it 
seeps on switching back and forth (oscillating) between its quasi-stable states. Hence, it is 
also called a free-running multivibrator. It is useful for providing clock signals to synchronous 

digital circuits. 

There are several types of astable multivibrators in common use. Some of them are 

presented here. 

Astable Multivibrator using Schmitt Trigger 

Figure ' 61a shows how a Schmitt trigger INVERTER can be connected as an oscillator. 
Tne s gnal at * 0LrT is an approximate square wave (Fig. 8.61b) that depends on the values 
of R a id C. The relation between the frequency of oscillation and the RC product is shown 
in Fig. 8.61c for three different Schmitt trigger ICs. The maximum permitted value of R 
n each case is also given. The circuit will fail to oscillate if R is not kept below these limits. 
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IC 
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7414 

0.8/RC 

74LS14 

0.8/RC 

74HC14 

1 2/RC 


(R £ 500 ») 
(RS2KQ) 
{R £ 10 Mfi) 



Fig 8.6*1 Astable multivibrator using Schmitt trigger. 
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Astable Multivibrator Using 555 Timer 

The 555 timer is a I 11 compatible device that can operate in several different modes. 
Figure 8.62 shows an astable multivibrator using the 555 timer. Its outpul is a repetitive 
reclangiilar waveform that switches between two logic levels; the time interval for each 
logic level is determined by the values of R and C. The formulas for these time intervals 
/ ] and ^nd the overall period of the oscillations and the limiting values of the 
components are shown in Fig. 8.62. Ihe capacitor C charges from V a through R N and 
/? |( with a time constant (R A + When the voltage across C reaches (2/3)k cc . the 

output goes LOW, and the capacitor starts discharging through R B , with a time constant 




t, = 0.693 R b C 
tj — 0 693 (R a + R f :C 
frequency = 1/T Hz. T = t, ♦ tj 
Duty cycle = / T 
RA>1ktl, (R a + R b )< 6.6MQ 
C 2 500 pF 


Fig. 8.62 Astable multivibrator using 555 timer. 

R b C. When it discharges to (1/3)F CC , the output goes HIGH. So, the output is LOW for 
f, and HIGH for and then this cycle repeats itself. With this arrangement, we can only 
get a square wave with more than 50 per cent duty cycle. Rq can be made very large 
compared to R A to get an approximate square wave (50 per cent duty cycle). A diode can 
be connected across /?„ (with anode at pin 7 and cathode at pin 6) to get a perfect square 
wave output. Even a square wave with less than 50 per cent duty cycle can e o taine 

"hen R r is shunted by a diode. 


Astable Multivibrator Using inverters 

A v cry simple astable multivibrator can be constructed using three inverters. The inverters 
are connected in cascade and the output of the third inverter is connected as the input to 
,he first inverter as shown in Fig. 8.63a. Hence the circuit is called a ring oscdlator. 

We know that the output of an inverter changes to the opposite state after a propagation 
delay when its input is changed. So, the signal at any point tn this circuit changes state alter 
a time equal to the sum of the propagation delays of the preceding gates and. theretore, a 

- quare w^vc is iicncrdtcd 

If tit time i„, F goes from LOW to HIGH. I\ 8° from HIGH to LOW after a 
propagation delay of one gate, V will go from LOW to HIGH after a propagation delay ot 
two I»ni«. 1 r. - i nvv after a oroDaeation delay ot three 
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(a) Logic diagram 




(b) Timing diagram 


Fig. 8.63 Astable multivibrator using only inverters. 


A major drawback of this circuit is that the frequency of the square wave cannot be 
controlled It is difficult to determine the exact propagation delay ot each logic gate and, 
therefore, the frequency of the square wave. It is possible to have some control over the 
frequency of the square wave by using timing elements such as resistors and capacitors. 

Figure 8.64 shows a simple, reliable, and highly flexible astable circuit. In this case, the 
frequency of oscillation is determined primarily by the resistor and capacitor timing 
components. Hence it is called an RC oscillator. The exact relationship between the 
oscillation frequency and the R and C components depends in part on the electrical 
characteristics of the logic gates. For the standard TTL family ot components, a resistance 
of approximately 400 Q produces the relationship 

/= —-— 

J 0.001C 


> 

* 


Fig. 8.65 Astable multivibrator using an AND gate and an inverter. 

and as the capacitor is uncharged, the input to the inverter is 0 V. Therefore, its output 
is HIGH. Hence the output of the AND gate also goes HIGH. The capacitor now starts 
charging and when the voltage across it rises to a level which appears as a logic 1 to the 
inverter, the output goes LOW. Thus, the output of the AND gate also goes LOW. Now 
the capacitor starts discharging. When the voltage across it falls to a level which appears 
as a logic 0 to the inverter, the output of the inverter goes HIGH again. This cycle ot 

events repeats itself, generating a square wave. 

Figure 8.66a shows an astable multivibrator using two inverters. The output ot each 
inverter is coupled to the input of the other through a capacitor. The capacitive coupling 
networks prevent either inverter from having a stable state. If designed properly, the circuit 
will start oscillating on its own and require no initial input trigger. 



Fig. 8,66 Astable multivibrator using CMOS inverters. 


where C is measured in pF and f in Hz. 
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F g. 8.64 Astable multivibrator using R and C as timing components 


Figure 8.65 shows an astable multivibrator using an AND gate and an inverter. Bot 
;:C iiiputb to the AND gate are shorted. So, it just provides a time delay equal to t 
propagation delay time of the gate and acts as a buffer. When the supply is switched on 


Figure 8.66b shows another astable multivibrator circuit using inverters. 

;d ls 1C 74HC04, CMOS inverter. . „ nprate re iiablv its 

Figure 8.66c uses the IC 74HC04. Although this circuit can p 

quency is not easily predictable. . ., *».,,* have a 

The advantage of using CMOS devices in astabemu^^iv^^ ^ characten stic 
ich higher input impedance than that ot their th t | iat 0 f JTL 

the performance of CMOS 

signs—in the sense that CMOS multivibrators are less sens 

aracteristics. 


Astable Multivibrator using op-aiwps 
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Fig. 8.67 Astable multivibrator using op-amp. 



charges and discharges towards those values, and so, the output of the circuit will be a 
square wave with a period 


T = 2RC In 



where y? = 


/?! + R 2 


8.14 CRYSTAL-CONTROLLED CLOCK GENERATORS 

A clock generator is a source for the square wave that synchronizes operations in digital 
systems. Some clock generators produce a reasonably sharp square wave, such as an astablc 
rrmn vibrator and others produce sinusoidal or rounded outputs that can be shaped by 
Schmitt triggers or clipping circuits. The term astable multivibrator is usually reserved for 
circuits whose operation depends on the charging and discharging of a capacitor, whereas 
an oscillator refers to any unstable system whose output continually changes value. 

v!any clock generators employ a crystal as the frequency sensitive component. Crystals 
arc a\ai able in a wide range of frequencies and are more stable than inductor/capacitor 
networks. Crystal*controlled oscillators have good frequency stability, i.e. they generate 
signals whose frequency is less likely to drift. Also, since crystal-controlled oscillators 
produce signals whose frequencies equal their crystal frequency, they are predictable. The 
frequency stability is particularly important in applications where the frequency serves as 
a time reference. For example, in digital watches. 

Figure 8.68a shows a simple quartz crystal oscillator using TTL 7404 inverters. The 

capacitor in parallel with the crystal is a trimming capacitor which allows very slight 
frequency adjustments. 

Figure 8.68b shows a popular crystal-controlled clock generator constructed by using 
TTL 7404 inverters. Although the oscillations produced by this design are not perfectly 
square, the output ,s generally adequate for TTL synchronizing and triggering functions. 
The 7414 hex Schmitt trigger inverter can also be used. The value of R in the circuit 
controls the gam and is usually between 300 fi and 1.5 kfl. The optimum value of R 
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Fig. 8.68 Crystal clock generator using TTL inverters. 


depends on the type of the crystal used and its frequency. If R is too low or too high, the 
generator may oscillate at a harmonic of the crystal frequency and thus have a smaller 
amplitude. I'his design has been used to produce clock frequencies from about 1 MHz to 

20 MHz. 

Figure 8.69 shows two crystal-controlled oscillators constructed with inverters from 
74HC04 CMOS hex inverters. As in the TTL circuit of Fig. 8.68, the oscillation frequencies 
may be sensitive to the values of R used. A typical value for R in Fig. 8.69a is 100 k£2 but 
it may have to be specially selected to prevent oscillations at a harmonic frequency. The 100 
pF capacitor suppresses the spurious high frequency oscillations in the 30 MHz to 50 MHz 
range. The resistor in Fig. 8.69b is of thk, order of 1—5 MO and the circuit will oscillate 
for crystal frequencies up to about 9 MHz. 




(b) 


Fig. 8.69 Crystal clock generator using CMOS inverters. 

EXAMPLE 8.11 Calculate the frequency and duty cycle ot the 55} astable multivibrator 
output for 

C = O.Ot pF, R a = 10 ka and R B = 50 k£l 


r, = 0.693/JyC = 0.693 


x 50 x 10 3 x 0.01 x 10-* = 346.5 ps 

_ 


1 2 = 0.693 (R A + R b )C = 0.693 x 60 x 10 3 x 0.01 x 10 415.8 ps 



Solution 
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T = + /, = (346.5 + 415.8) \is - 762.3 

1 


1 m 


1 


762.3 M s 


= 1.31 kHz 


t 2 __ 415.8 _ C 4 
Duty cycle - j 762 .3 

iMPL£ 8 .2 Design an astable multivibrator using the 555 timer to generate a square 
w^e of 2 1d£ frequency with 50% duty cycle. 

Solution 

, sss timpr a diode is connected across R B (see Fig. 8.62), 
■ ZZ:Z1Zs * B when C is charging and opens when C is diseharging. 

Therefore, 



/, = 0.693tf B C 


t 2 = 0.693 R a C 

As 

*, = t 2 , therefore, R A = R& 

As 

/= 2 kHz, therefore, T = 

Hence, 

/, = h = T “ 025 ms 

Let 

R A = 2 kfl, therefore, C = 


1 


2 kHz 


= 0.5 ms 


0.25 x 10 


-3 


0.693 x 2 x 10 


= 0.18 )iF 


EXAMPLE 8.13 Design an astable multivibrator using the 555 timer to generate a square 
wave of 5 kHz with 70 per cent duty cycle. 

Solution 



T ~ ~ = - ■ } = 0.2 ms 

j 5 kHz 

r, = 0.693 R B C = 0.3 x 0.2 = 0.06 ms 
1 2 = 0.693(* A + R b )C = 0.7 x 0.2 = 0.14 ms 


C - 5000 pF, therefore, 


0.06 x 10 3 _ 17 25 k£2 

0.693 x 5000 x lO 7 ^ 


+ “ 


0.14 x 1Q~ 3 
0.693 x 5000 x 10" 12 


40.4 kTl 

■ 



Therefore, 


40.4 - 17.25 = 23.15 k£2 
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EXAMPLE 8.14 For the astable multivibrator usmu thp nn _ . 

‘ b hc op-amp shown in Fig. 8.67, 

kU, C - 0.01 jjF and = 5 
It is desired to make the frequency of the outnnt 

through 100 kHz by making R 2 adjustable. Through what ran^of C ^ Just ® ble . from 10 kHz 
adjustable to obtain the required frequency range? b Va UCS should R i be made 

Solution 

The period of the output square wave must range from 

1 


T - 


10 kH z 


- 0.1 ms through T = _1 


100 kHz 


- j ).01 ms 


Wc know that, T = 2 RC In 






1 + /? 

\-fi 


s, where /? = 


R 


1 


Therefore, 


/?, + R 2 ' 


T = 10~ 4 s = 2 x 10 x 10 3 x 0,01 x 10 6 In 






l + P 

\-0 


j 




or in 

I'-aI 

2 x 10 

or 

I + p 

= e 05 = 


\-p 


or 

P = 0.25 - 

or 

R 2 

= 15 kQ. 

Again, 




10 


-4 


= 0.5 


R, 


5kn 


/? t + R 2 5 kQ + R : 


T= 10 " 5 s = 2 x 10 x 10 3 x 0.01 x 10 -6 In 


l+P) 

\~P) 


or 

. l+P) 

or 

l+P 


\~P 

or 

P 

or 

Hence 

R 2 

the range of R 7 1 


10 


- 5 


2 x 10 4 x 0.01 x !0~ 6 


- = 0.05 


= e« 05 - 


= 1.05 


P = 0.025 = 
/?, = 192 kQ 


R 




5 k Q 


R \ + R 2 


5 kO + /?, 
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SUMMARY 


A flip-Hop is the basic rKinon earner ^ uivibrator . n has two stable states. 

F vrr~—— d “ para '“ ia ‘ and 

^ " n ou,pu ' of ,he nip ' nop la,cl,es on 

and — 0- not edge 

N0R ga,es ' 

A latch may be an active-HIGH latch or an act,vc-LOW latch. 

The NOR gate S-R latch is an active-HIGH S-R latch 
The NAND cate S-R latch is an activc-LOW S-R late . 

£ clocked ~D latch is ca.led a transparent D latch, because its output follows the 

input when the clock is HIGH. 

Flip-flops may be level-triggered or edge-triggered. 

level-triggered are ^*^**^5 " 

clock is HIGH. The edge-triggered flip-flops arc tnosc n h 

present at the transition of the clock pulse. itjj 

Edge triggering is also called dynamic triggering. .la 

The J-K fflp-Aop is the most versatile and most widely used of all the flip-flops. 

T flip-flops are not widely available as commercial items. 

PRESET and CLEAR inputs may be active-LOW or active-HIGH. 

PRESET and CLEAR inputs are asynchronous inputs. They override aU 

They are also called DC SET, and DC RESET or DC CLEAR, or Direct SET (S D ) and 

Direct RESET (R D ). , H 

A triangle at the clock input terminal of a flip-flop indicates that it is a positive edge 
triggered flip-flop. A bubble and a triangle at the clock input terminal of a flip-1 op 
indicates that it is a negative edge-triggered flip-flop. J| 

Mo svmbol at the clock input terminal of a flip-ilop indicates that it is level-trigger^"*- 

For an S-R flip-flop, S = 0, R = 0 is no change, S = 1, R = 0 is Shi, S - b, 
R = 1 is RESET, and S = 1, R = 1 is invalid. -|l 

» For a J-K flip-flop, J = 0, K = 0 is no change, J = 1, K = 0 is SET, J - 0, K - * 
is RESET, and J = 1, K = 1 is the toggle mode. 

> The T flip-flop toggles, i.e. it goes to the opposite state after each clock pulse. 

* In a D flip-flop, the input is transferred to the output when a clock is applied. 

0 is RESET and D = 1 is SET. U 

of 

• Due to wiring between components, a clock pulse may undergo varying degrees 
delay before it arrives at the flip-flops. It is called clock skew. 


» 
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developed to make synchronous operation of flip-flons moreT^TtM t * ^ U W£ * S 

■he problem of race in clocked nip-(lop S Tit’S2 ?* T * 1 
. n , „ „ , , p ine mas ter-slave flip-flop is now obsolete. 

Master-slave A P- A ops are called pulse-,riggered nip-flops, because the length of time 
required for its output to change state equals the wid,h of one (clock) pulse 
The inputs to a masicr-slave flip-flop must not cha „ ge when |he c|ock ^ 

they change, the flip-flop g.ves an output corresponding to the last combination of 
inputs present bclore the clock terminates. 

Data lock-out flip-flops are nothing but master-slave flip-flops in which the master is 
an edge-triggered flip-flop. 

A master-slave flip-flop is recognized by the postponed output symbol ~| at its Q and 
Q terminals. No dynamic indicator symbol is provided at the clock terminal. 


A data lock-out type flip-flop will have postponed output symbol at its Q and Q 
terminals and a dynamic indicator symbol at the clock terminal. 

I he time interval between the application of a triggering edge or asynchronous inputs 
and the output actually making a transition is called the propagation delay of a flip-flop. 

The minimum time for which the control levels need to be maintained constant on the 
input terminals of a flip-flop, prior to the arrival ol the triggering edge of the clock 
pulse, for the reliable operation of the flip-flop is called the set-up time. 

The minimum time lor which the control signals need to be maintained constant at the 
input terminals of a flip-flop, after the arrival of the triggering edge of the clock pulse, 
in order to enable the flip-flop to respond reliably is called the hold time. 

The highest frequency at which a flip-flop can be reliably triggered is called the 
maximum clock frequency. 

Any one type of flip-flop can be converted to any other type by providing a suitable 
combinational circuit. 


A Schmitt trigger inverter is used to convert a slowly varying waveform to a square wave. 
A monostable multivibrator has only one stable state. It is also called one-shot or 
single-shot or monostable. 

A monostable can be used for gating, providing time delays, generating a sequence ot 
pulses, and for detection of missing pulses. 

I here are two basic types of IC one-shots—retriggcrable and non-retriggerable. 

An astable multivibrator has no stable states. It does not require any triggering signal 
its operation. It is also called a free-running multivibrator. 

An astable multivibrator can be used as a master oscillator to provide clock pulses. 


.; *! (di QUESTIONS 

Distinguish between combinational and sequential switching circuits. 
What meant b y s t a blc state? 

^ hat do you mean by (a) a latch, and (b) a gated latch? 

*bnv do you build a latch using universal gates? 
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5 . What is an active-HIGH latch and an active-LOW latch? 

6 . Distinguish between synchronous and asynchronous latches, 

7 . What is the normal resting state of SET and CLEAR inputs in a NAND gate S-R latch? 
What is the active state of each input? 

8 . Name the two types of inputs which a clocked flip-flop has. 

9 . Why is a gated D latch called the ‘transparent’ latch? 

10 . list the different types of latches and flip-flops. Name the applications of each type. 

11 . How docs a J-K flip-flop differ from an S-R flip-flop in its basic operation? What is 
its advantage over an S-R flip-flop? 

12 . Describe the main difference between a gated S-R latch and an edge-triggered S-R 
flip-flop. 

13. What do you mean by a level-triggered flip-flop? How docs it differ from an edge- 
triggered flip-flop? 

14. What J, K condition will always set Q upon the occurrence of the active CLK 
transition? 

15. Explain why the S and R inputs of an edge-triggered S-R flip-flop affect Q only during 
the active transition of CLK. 

16. Describe the differences between the pulse-triggered and edge-triggered flip-flops. 

1 ". Suppose that the D input of a flip-flop changes from LOW to HIGH in the middle of 
a clock pulse. Describe what would happen if the flip-flop is a positive edge-triggered 
type, a pulse-triggered type. 

18. Can a D flip-flop respond to its D and CLK inputs while PRE = 1? 

19. What do you mean by toggling? 

- ;f - Which is the most versatile flip-flop? Which flip-flop is preferred for data transfer? 

21. Why are asynchronous inputs called overriding inputs? 

22. What is a master-slave flip-flop? Discuss its working. * 

23. What is the major restriction when operating a pulse-triggered flip-flop? 

24. What do you mean by (a) clock skew, and (b) time race? 

-5. .mbolicah), how is a data lock-out flip-flop distinguished from a pulse-triggered flip-flop? 

26 . ha: do \ou mean by a flip-flop with data lock-out? How docs it differ from a norma! 

master-slave flip-flop? 

Typically, a manufacturer s data sheet specifies four different propagation delay times 
associated with a flip-flop. Name and describe each of them. 

28. Define the following terms as applied to flip-flops. 

(a) set-up time (b) hold time 

p o agatio tela . (d) maximum clock frequency 

(e) power dissipation 

29. How must a J-K flip-flop be connected to function as a dividc-by-two element? How 
many flip-flops are required to produce a divide-by-64 device'^ 

30. What is meant by dynamic triggering? 
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How do you convert one type of flip-flop into another type? 

32 . What is the difference between the retriggerable and non-retriggerable one-shots? 

33 . Describe the operation and applications of monostable multivibrators, astable 
multivibrators, bistable multivibrators, and Schmitt trigger inverter 1 ^ 

34. Explain the difference in operation of a monostable and a astable multivibrator. 

35 . What are the advantages of the crystal clock generator? 

35 . state TRUE or FALSE: 

ia) The C LK input will affect the flip-flop output only when the active transition of 
the control input occurs. 

(b) The SET input can never be used to make Q a 0. 

(c) A J-K flip-flop can be used as an S-C flip-flop, but an S-C flip-flop cannot be used 
as a J-K flip-flop. 

(d) The Q output of a D flip-flop will equal the level at the D input at all times. 

(c) A D latch is in its transparent mode when EN is a 0. 

(0 Synchronous data transfer requires less circuitry than that required by 
asynchronous transfer. 

(g) Why are MOS inverters preferred over TTL inverters in making astable multivibrators? 

PROBLEMS 

8.1 If the waveforms shown in Fig. 8.70 are applied to an active-HIGH S-R latch which 
is in the RESET state, draw the output waveform. 



R 


Fig. 8.70 

K*2 If the waveforms shown in Fig. 8.71 are applied to an auive-LOW S R latch 
is in the RESET state, draw the output waveform. 





b 



Fig. 8.71 
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8.3 


The waveforms shown in Fig. 8.72 are applied to (a) a positive edge-triggered S-R 
flip-flop, (b) a negative edge-triggered S-R flip-flop, and (c) a master-slave S-R (lip. 

flop. Draw the output waveform in each case. 



Fig. 8.72 

8.4 The waveforms shown in Fig. 8.73 are applied to (a) a positive-edge-triggered J-K 
flip-flop, (b) a negative edge-triggered J-K flip-flop, and (c) a master-slave J-K flip- 
flop. Draw the output waveform in each case. 


CLK 


i 

K 


a 






Fig. 8.73 


8.5 T he input signals shown in Fig. 8.74 are applied to a positive edge-triggered J-K 
master-slave flip-flop with active-LOW PRESET and CLEAR. Draw the output waveform. 



Fig. 8.74 
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The waveforms shown in Fig. 8.75 are applied to a negative edge-triggered S-R flip- 
flop with active-HIGH I REST I and CLEAR. Draw' the output waveform. 


CLK 



b 


c 


d 






R __ 

PRE_ 



CLR. 


Fig. 8.75 


p 


q 


8.7 The following serial data are applied to the flip-flop shown in Fig. 8.76. Determine the 
resulting serial data that appears on the Q output. There is one clock pulse for each 
bit time. Assume that, Q is initially 0. The rightmost bits are applied first. 

J t m 10110110 i 2 = 11011001 

k, = looiono K 2 = notion 


J 2 

J,—1 


j 1 



>c 

K 2 —I 
K,- 


K 1 


Fig. 

8.76 




8.8 


8.9 


Design an astablc multivibrator using the 555 timer to generate a square wave of 5 Ul/ 
with 40 per cent duty cycle. = . 0 

For the astable multivibrator using an op-amp as .shown ,n - . ’ u . SQUare 
r = ft ..C ID - m in it k desired to make the frequency of the output square 
0.05 p.F and /?, 10 kO. making R, adjustable. Through what 

wave adjustable from 15 kHz through! 50 kH _y ^ f hea . q i; re d frequency range? 
range ot values should R 2 be made adjustable 
8-10 Determine the values of R„, and C„. that will produce a pulse width ot - ps w en 

connected to a 74123 as shown in Fig. 8.60. 

**•*1 Design a one-shot using the 555 timer to generate a pulse of 





























































































































































































































Chapter 9 


SHIFT REGISTERS 


9.1 INTRODUCTION 

Data may be available in parallel form or in serial form. Multi-bit data it said to be in parallel 
form when all the bits are available (accessible) simultaneously. The data is said to be in serial 
form when the data bits appear sequentially (one after the other, in time) at a single terminal. 
Data mav also be transferred in parallel form or in serial form. Parallel data transfer Is the 
simultaneous transmission of all bits of data from one device to another. Serial data transfer is 
the transmission of one bit of data at a time from one device to another. Serial data must be 
transmitted under the synchronization of a clock, since the clock provides the means to 

specify the time at which each new bit is sampled. 

As a flip-flop (FF) can store only one bit of data, a 0 or a 1, it is referred to as a single¬ 
bit register. When more bits of data are to be stored, a number of FFs arc used. A register 
is a set of FFs used to store binary data. The storage capacity of a register is the number 
of bits (Is and Os) of digital data it can retain. Loading a register means setting or resetting 
the individual FFs, i.e. inputting data into the register so that their states correspond to the 
bits of data to be stored. Loading may be serial or parallel. In serial loading, data is 
transferred into the register in serial form, i.e. one bit at a time, whereas in parallel loading, 
the data is transferred into the register in parallel form meaning that all the FFs are triggered 
into their new states at the same lime. Parallel input requires that the SET and/or RESET 
controls of every FF be accessible. 

A cgister may output data either in serial form or in parallel form. Serial output means 
that the data is transferred out of the register, one bit at a time serially. Parallel output means 
that the entire data stored in the register is available in parallel form, and can be transferred 
out at the same time. ||h I 

Shift registers are a type of logic circuits closely related to counters. They arc used 
basically for the storage and transfer of digital data. The basic difference between a shift 
register and a counter is that, a shift register has no specified sequence of states except in 
certain very specialized applications, whereas a counter has a specified sequence of states. 

A shift register is a very important digital building block. It has innumerable 
applications. Registers are often used to momentarily store binary information appearing at 
the output of an encoding matrix. A register might be used to accept input data front an 
alphanumeric keyboard and then present the data at the input of a microprocessor chip- 
Similarly, shift registers are often used to momentarily store binary data at the output of a 


,v»8 
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decoder. A shift register also forms the basis for some verv 
operations. For example, the operations of complementation mpor,am ar '<hmet.c 

•,rc frequently implemented by means of a register A shift ' ,ipllCdtlon ’ and division 
nTform a number of different types of count^Thlsf feTso" ^ "7?* 

advantages. olfer some ver y distinct 


9.2 BUFFER REGISTER 

Some registers do nothing more than storing a binary word. The buffer register is the 

Simplest of registers. It stmply stores the binary word. The buffer may be a com cl cd 
buffer. Most of the buffer registers use D flip-flops ' 0 d 

Figure 9.1 shows a 4-bit buffer register. The binary word to be stored is applied to the data 
terminals. On the application of clock pulse, the output word becomes the same as the word 
applied at the input terminals, i.e. the input word is loaded into the register by the application 

of clock pulse. 
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Fig. 9.1 Logic diagram of a 4-bit buffer register. 


When the positive clock edge arrives, the stored word becomes 


Q 4 Q 3 Q 2 Qi = *4 x 3 x 2 x, 


or 

Q = X 

fhis circuit is too primitive to be of any use. What it needs is some control over the X bits, 
i * e ' some w’ay of holding them off until we are ready to store them. 

9 -3 CONTROLLED BUFFER REGISTER 

figure 9.2 shows a controlled buffer register. It CLR goes LOW, all the FFs are RESET 
and thc output becomes, Q = 0000. 

When CLR j s H i GHi the register is ready for action. LOAD is the control input. When 
)AD is high, the data bits X can reach the D inputs of FFs. At the positive-going edge 

y I fni* 

clock pulse, the register is loaded, i.e. 

Q 4 Q, Q 2 Qi = x 4 X, X, X, or Q = X 
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When LOAD is LOW, the X bits cannot reach the FFs. At the same time, the inverted 

signal LOAD is HIGH. This forces each flip-flop output to iecd back to its data input. 
Therefore, data is circulated or retained as each clock pulse arrives. In other words, the 
contents of the register remain unchanged in spite of the clock pulses. Longer buffer registers 

can be built by adding more FFs. , . , , 

Figure 9 3a shows the symbol for a controlled buffer register. X is the word to be loaded 

and Q is the stored word. When LOAD is LOW, Q is frozen, i.e. Q does not change in spite 

of changing X bits and arrival of clock pulses. Only when LOAD is HIGH, can the next 

positive clock edge load X into the register. 



(a) Symbol for controlled 
buffer register 


\Z 


LOAD 


> CLK 


CLR 

ENABLE 


V 


(b) Symbol for buffer register 
with three-state output 


Fig. 9.3 Logic symbols of buffer registers. 


A register with three-state output is required, if the buffer output is to be connected to 
bus. Here the output of the register can be floating or can have the word available 
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ut the F *8 u rc 9.3b shows the symbol of a buffer register with three-state 

output. Let the ENABLE signal be an active-HIGH signal. Then, when the ENABLE is HIGH, 

the wmd stored by the register ts available at the output terminals and when the ENABLE is 
LOW, the output terminals are floating. 


9.a DATA TRANSMISSION IN SHIFT REGISTERS 

A number of FFs connected together such that data may be shifted into and shifted out 
of litem is called a shift register. Data may be shifted into or out of the register either 
in serial form or in parallel form. So, there are four basic types of shift registers: serial- 
in, serial-out, serial-in, parallcl-out; parallel-in, serial-out; and parallel-in, parallel-out. 
The process of data shifting in these registers is illustrated in Fig. 9.4. All o: these 
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(a) Serial-in, serial-out, shift-right, shift register (b) Serial-in, serial-out, shift-left, shift register 
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(c) Serial-in, parallel-out. shift register 
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Parallel data output 

(d) Parallel-in, parallel-out, shift register 
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(e) Parallel-in, serial-out, shift register 
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(g) Rotate-right shift register 


(f) Serial-in, serial-out. shift-left, shift-right, 
(bidirectional) shift register 
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(h) Rotate-left shift register 


Fig. 9,4 Data transfer in registers. 
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_ TTi MSI/LSI circuits. Data may be rotated 

configurations are commer '‘® f ' om left I0 rig ht or right to left at will, i.e. in a 

left or right. Data may bej J, bcsh ,f te d |„ serially (in either way) or in parallel and 

bidirectional way. A * • nnrfl n e ] 

lifted out serially (in either way) or in para . 


9 5 SERIAL-IN, SERIAL-OUT, SHIFT REGISTER 

ras ,ype of shift register accepts data serially, i.e. one bit at a time, and also outputs data 

serially. S erial-out, shift-right, shift register is shown 

The logic diagram ol a 4-bit sen , to four bits of data. 

in Fig. 9.5a. With four stages, t.e tour FFa. the ays of the first FF is connected 

Serial data is applied at the ’J£P“ ° second FF is connected to the D input 

irrsa z * «»? - rr ,he D ,nput of ,he foimh 

FF. The data is outpuUed from the Q mmm .of >he to* W. 

, was previously stored hy the 

5* »ss-"- 

Figures 9.5 and 9.6 illustrate this process to store the data bits 0101 in the register. 

Initially all the FFs are reset, i.e. Q^O, Q 2 -0, Q 3 - 0 and Q 4 0. 

The rightmost bit I is applied at the D, input of FF,. At the positive-going edge o 

fust clock S pulse, this 1 is shifted into FF, and all other FFs store their respective bits 

the D inputs. Therefore, 


q, = l. Q : = 0, Qj = 0 and Q 4 - 0, after the first clock pulse. 

Then a 0 is applied at the D, input of FF,. At the positive-going edge of the second 
clock pulse, this 0 is shifted to Q, of FF, and the D inputs of all other FFs are also shitted 

to their respective outputs. Therefore, 


q = 0, Q 2 = 1, Qj = 0, and Q 4 = 0, after the second clock pulse. 

Then a 1 is applied at the D, input of FF,. At the positive-going edge of the third clock 
pulse, this 1 is shifted to Q, of FF, and the D inputs of all other FFs are also shifted to 

their respective outputs. Therefore, 


Q, = 1, Q 2 = 0, Q 3 = 1, and Q 4 = 0, after the third clock pulse. 

Then a 0 is applied at the D, input of FF,. At the positive-going edge ot the fourth clock 
pulse, this 0 is shifted to Q, of FF, and the D inputs of all other FFs are also shifted to their 

respective outputs. Therefore, 

Qi = 0, Q 2 = 1, Q 3 = 0, and Q 4 = l, after the fourth clock pulse. 

This completes the serial entry of 0101 into the 4-bit register. Figure 9.7 shows the 
timing diagram of the loading of serial input 0101 into the 4-bit serial-in, serial-out, shi 

register. 
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(a) Initial states (0000) 



(b) After the first clock pulse (1000) 



(c) After the second clock pulse (0100) 



(d) After the third clock pulse (1010) 



(e) After the fourth clock pulse (0101) 

Fig. 9.5 Loading of the 4-bit serial-in, serial-out, shift register. 

In this example, we have assumed that initially all the FFs are reset, although the initial 
states have no effect on the loading of new data. The initial states represent old data, whose 
bits arc effectively shifted out of the register in serial form at Q 4 as the new bits are shifted 
in at Q,. Since four bits must be shifted into the register, the time required to load it equals 
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Fig. 9.6 Shifting in the data 0101 serially. 


CLK 



Serial Input 


Q 


G 


O3 


Q, 


t 


Fig. 9.7 Timing diagram showing the loading of the serial input 

4-bit serial-in, serial-out, shift register. 


0101 into the 


the total time between four clock pulses. If the clock continues beyond that time, the bits are 
shifted out serially at Q 4 . I 

The shifting out of the stored data 0101 serially from the register is illustrated in Fig. 0.8. 
it requires four clock pulses to shift out the 4-bit stored data. Note that the shift register 
is a sr nchronous device. All the ! l ’s are clocked simultaneously. Level-triggered FFs cannot 
be used here. Edge-triggered or master-slave FFs are used to avoid timing problems. 


After clock pulse 

0 

1 

2 

3 

4 


Serial input Q, G 2 Q 3 Q„ 



(initial states) 


(final states) 


Fig. 9.8 Shifting out the data 0101 serially. 
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A shift register can also be constructed using J-K FFs or S-R FFs as shown in 
Figs. 9.9a and 9.9b, respectively. The data is applied at the J (S) input of the first FF. The 
complement of this is fed to the K. (R) terminal of the first FF. The Q output of the first 
FF is connected to J (S) nput of the second FF, the Q output of the second FF to J (S) 
input oi the third FF, and so on. Also, Q, is connected to K 2 (R 2 ), Q 2 is connected to K 3 (R 3 ), 
and so on. 



(a) Using J-K FFs 



(b) Using S-R FFs 


Fig. 9.9 A 4-bit seriaf-in, serial-out, shift register. 

Figure 9.10 shows the functional diagram and the logic symbol of an 8-bit shift register, 
which uses master-slave S-R FFs. Note that the register has two inputs labelled A and B. 
If the serial input is connected to A, it will be loaded into the register only if B is high, and 
vice versa. This gating allows one of the inputs to serve as a control. When it is HIGH, 
the serial input on the other line is enabled and when it is LOW, the serial input is inhibited. 



(b) Logic symbol 


Fig. 9.10 The 7491A 8-bit serial-in, serial-out, shift register. 


Figure 9.11 shows the logic diagrams of a 4-bit serial-in, scrial-out, 
register. 
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(a) Logic diagram 



(b) Logic diagram 


Fig. 9.11 A 4-bit serial-in, serial-out, shift-left, shift register. 


9.6 SERIAL-IN, PARALLEL-OUT, SHIFT REGISTER 

Ficure TI2 shows the logic diagram and the logic symbol ot a 4-bit serial-in, parallel-out, 
sh it register. In this type of register, the data bits arc entered into the register serially, but 

the data stored in the register is shifted out in parallel form. 

Once the data bits are stored, each bit appears on its respective output line and all bits 
-e available simultaneously, rather than on a bit-by-bit basis as with the serial output. The 
serial-in, parallel-out, shift register can be used as a serial-in, serial-out, shift register il the 
output is taken from the Q terminal of the last FF. 



(a) Logic diagram 


Data input 


CLK 



.9.12 A 4- 


n 

Q* Qg Q C Q 0 
(b) Logic symbol 

serial-in, parallel-out, shift register. 
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8-Bit Serial-in, Parallel-out, Shift Register 

Figure 9.13 shows the logic diagram and the logic symbol of an 8-bit serial-in, parallel-out, 
shift register. In the logic diagram, A and B are the gated serial inputs. Suppose that the 
serial data is connected to A, then B is used as a control line. When B is held HIGH, the 
NAND gate is enabled and the serial input data after passing through the NAND gate is 
inverted. I he input data is shi I tied serially into the register. When B is held LOW, the NAND 
gate output is forced HIGH, the input data stream is inhibited and the next positive clock 
transition will shift a 0 into the first FF. Each succeeding positive clock transition will shift 
another 0 into the register. After eight clock pulses, the register will be full of Os. This 
register also has an active-1.OW asynchronous clear input that can be used to reset every 
FF in the register. 


CLR 



Q 


(a) Logic diagram 



Q a Gg Gc Gq G e Gp 0 G G h 
(b) Logic symbol 

Fig. 9.13 An 8-bit serial-in, parallel-out, shift register. 


9.7 PARALLEL-IN, SERIAL-OUT, SHIFT REGISTER 

for a parallel-in, serial-out, shift register, the data bits are enttrt-d simultaneously into their 
respective stages on parallel lines, rather than on a bit-by-bit basis on one line as with serial 
data inputs, but the data bits arc translcired out of the register serially, i.e. or. « bit-by-bit basis 

over a single line. 

Figure 9.14 illustrates a 4-bit parallel-in, serial-out, shift register using D FFs. There are 
four data lines A, B, C, and D through which the data is entered into the register in parallel 
form. The signal Shi ft/Load allows (a) the data to be entered in parallel form into the 
register and (b) the data to be shifted out serially from terminal Q 4 . 

When Shi ft/Load line is HIGH, gates G |t G 2 , and G, are disabled, but gates G 4 , G 5 , and 
G* are enabled allowing the data bits to shift-right from one stage to the next. When Shift 
Load line is LOW, gales G^, G 5 , and G 6 are disabled, whereas gates Gj, G 2 , and G. are 
enabled allowing the data input to appear at the D inputs of the respective FFs. V'hen 
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(a) logic diagram 
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(a) Logic symbol 

Fig. 9.14 A 4-bit para!lel-in, serial-out, shift register. 


clock pu'se is applied, these data bits are shifted to the Q output terminals of the FFs and, 
therefore, data is inputted in one step. The OR gate allows either the normal shifting 
operation or the parallel data entry depending on which AND gates are enabled by the level 

on the Shift/Load input. 


The 74165 8-Bit Parallel-in r Serial-out, Shift Register 

Figure 9.15 shows the internal logic diagram and the logic symbol of the IC74165 shift 
register. The 74165 is an example of an IC shift register, that has parallel-in, serial-out 
operation. It can also be operated as a serial-in, serial-out, shift register. 

A LOW on the Shift/Load (SH/LD) input enables all the NAND gates for parallel loading. 
When an input data bit is. a 1, the FF is asynchronously SET by a LOW output of the upper 
gate. When an input data bit is a 0, the FF is asynchronously RESE' 1 by a LOW output 

ot the lower gate. The clock is inhibited during parallel loading. A HIGH on the SH/LD input 
enables the clock, causing the data on the register to shift-right. Data can be entered serially 
on the SER input. Also, the clock can be inhibited any time with a HIGH on the CLK INH 

input The serial data outputs of the register are Q H and its complement Q H . To load a shift 
register in paralle it is necessary that at least one control input (SET or RESET) from cac 
FF be accessible externally. When loading data, the SET and RESET functions are always 
complement of each other. So, most parallel-in registers use only a single control input 11 
each FF and use an internal inversion to generate the other. 
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(b) Logic symbol 


Fig. 9.15 The 74165 8-bit parallel-in, serial-out, shift register, 

9.8 PARALLEL-IN, PARALLEL-OUT, SHIFT RECISTER 

In a parallel-in, parallel-out, shift register, the data is entered into the register in parallel form, 
and also the data is taken out of the register in parallel form. Immediately following the 
simultaneous entry of all data bits, the bits appear on the parallel outputs. 

Figure 9.16 shows a 4-bit parallel-in. parallel-out. shift register using D FFs. Data » 
applied to the D input terminals of the FFs. When a clock pulse is applied, at the positive- 



Fig. 9.16 Logic diagram of a 4-bit parallel-in, parallei-out, shift register. 
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01 that pulse, die D inputs are shifted in to the Q outputs of the FFs. The register 
• ; die data The stored data is available instantaneously for sh.fttng out parallel 

I IV.' '' * * ^ 1 J 

form. 

The 74195 4-Bit parallel-in, Parallel-out, Shift Register 

F „. re , 1 7 shots s the internal logic diagram and the logic symbol of the 74195 a 4-bit 
: el-in parallel-out. shift register. Since it also has a serial tnput, ,t can be used lor sertal- 
ft, serial-out. and serial-in. parallel-out operations. It can be used for parallel-.n, sertal-out 

operation by using Qd as the output. 



Serial'! J 
inputs) K 

sh;ld 


iA |8 |C |D 



^ 'Oc ^0 


(b) Logic symbol 

- 5 9.17 The 74195 4-bit parallei-tn, parallel-out, shift register. 


form or 


. i.e SH LD signal is used to select either the loading of the register in parallel 
the shifting of data stored in the register in serial form to the right. The AO I logic at the 
p-i.aLd -Puts is used to implement the SH7LD function and supply the inverted inputs to the 
aetive-HIGH resets. When the SH/LD input is LOW, the data bits on the parallel inputs are 
entered synchronously on the positive transition of the clock. When the SH/LD input is HIGH, 
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stored data will shift right synchronously with the clock. The J and K are the serial data inputs 
to the first stage of the register (Qa)- The Qq can be used for the serial data output. The 
ac tive-LOW CLR is asynchronous. These can be used to control the state of the first (Q. v ) 
FF in the same way that J and K control a clocked J-K FF, except that K is active-LOW. 

9.9 BIDIRECTIONAL SHIFT REGISTER 

A bidirectional shift register is one in which the data bits can be shifted from left to righ- 
or from right to left. 

Figure 9.18 shows the logic diagram of a 4-bit scrial-in. serial-out. bidirectiona' (shot- 

left, shift-right) shift register. Right/Left is the mode signal. When Right Left is a ■. the 

logic circuit works as a shift-right shift register. When Right/Left is a 0. it works as a ^ - 

left shift register. The bidirectional operation is achieved by using ti e mode signal am: w 
AND gates and one OR gate for each stage as shown in Fig. 9.18, 


D..o 


m 


Right t Lefto- f—j^>o 


CLK o 



Fig. 9.18 Logic diagram of a 4-bit bidirectional shift reg'ster 


A HIGH on the Right/Left control input enables the AND gates G,. G ; . G,. arc G, and 
iisables the AND gates G 5 , G 6 , G 7 , and G g , and the state of Q output of each FF is passed 
Jirough the gate to the D input of the following FF. When a clock pulse occurs, the data bits 

ire then effectively shifted one place to the right. A LOW on the Right/Uft control mput enable 
he AND gates G 5 , G 6 , G 7 , and G s and disables the AND gates G,, G 2 , G 3 , and G* and the 
5 output of each FF is passed to the D input of the preceding FF. When a clock pulse occurs, 
he data bits are then effectively shifted one place to the left. Hence, me c .u r K ' 


a « /% 




9.10 UNIVERSAL SHIFT REGISTERS 

A universal shift register is a bidirectional register, whose input can be either in serial form 
0r in parallel form and whose output also can be either in serial form or in parallel form. 

Figure 9.19a shows the logic diagram of the 74194 4-bit univ ersal shift register. Note that 
the output of each FF is routed through AOI logic to the stage on its r.gat and tc me s are 
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Fig. 9.19 The 74194 4-bit universal shift register. 
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on its i e ^’ The mo ^ c control inputs S 0 and S, are used to enable the left-to-right 
connections when it is desired tn shift-right, and the right-to-left connections when it is 
desired to shift-left. 

The truth table (Fig. 9.19b) shows that no shifting occurs when S 0 and S, are both 
LOW or both HIGH. When S 0 = S t = 0, there is no change in the contents of the register, 
and when S 0 — Sj = 1, the parallel input data A, B, C and D are loaded into the register 
on the rising edge of the clock pulse. The combination S 0 = S, = 0, is said to inhibit the 
loading of serial or parallel data, since the register contents cannot change under that 
condition. The register has an asynchronous active-LOW clear input, which can be used to 
reset all the FFs irrespective of the clock and any serial or parallel inputs. 

9.11 DYNAMIC SHIFT REGISTERS 

All the shift registers we have discussed till now are called static shift registers, because 
each one of the memory elements (i.e. FFs) used to build the register can retain the data 
bit indefinitely. So, once loaded, the contents of each element of the register remain the 
same. In a dynamic shift register, storage is accomplished by continually shifting the bits 
from one stage to the next and re-circulating the output of the last stage into the first stage. 
The data continually circulates through the register under the control of a clock. To obtain 
output, a serial output terminal must be accessed at a specific clock pulse, otherwise, the 

sequence of bits will not correspond to the data stored. 

For example, if a 32-bit word is circulating through a 32-bit register, serial output must be 
given at multiples of 32 clock pulses. To store new data in such a register, the re-circulation 
path between the last stage and the first stage is intercepted and the new data is loaded serially 

into the first stage. 

Since each stage of a dynamic shift register needs to retain a bit only for a time equal to 
one clock period, it is not necessary that each stage of the shift register be a FF. In particular, 
dynamic shift registers are constructed using dynamic inverters. The clock pulses cause bits to 
be transferred from one inverter stage to the next, by transferring the charge stored on the 
inherent capacitance of the MOS devices. This design requires the use of a clock, having 
certain minimum frequency to ensure that the capacitance does not fully discharge between 
the ‘refresh’ cycles. The main advantages of dynamic MOS registers are their small power 
consumption and simplicity, which permits a very large number of stages to be fabricated on 
a single IC. Their disadvantage is that all data transfer must be in serial form, which is much 

slower than parallel data transfer. . , 

Dynamic MOS registers are widely used as memory devices in digital systems that operate 

on serial data. Because of their small power consumption and the inherent slowness ot the 

serial systems, they are used in applications where power consumption and physical size are 

more important considerations than speed, such as in pocket calculators. In t e context o 

memory applications, loading a register is called writing into it and taking an output from 

it is called reading. 

Figure 9.20 shows the logic diagram and the tnith table for the 2401 dual 1024-bit 
dynamic N-MOS shift register. It has a write/re*circulate (W/R) control, that is used to 
govern whether new serial data is written (loaded) intojhe register or whether the existin- 
data is re-circulated (stored) by the register. When W/R is HIGH, AND gate 3 is enable 
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(b) Truth table 


Fig 9.20 One-half of the 2401 dual 1024-bit dynamic NMOS shift register. 

and the serial input is transferred through it to the register. When W/R is LOW, AND gate 4 
is enabled and a re-circulation path from output to input is completed. Serial data appears 
at the output, regardless of the£atc of W/R. The circuit also has two active-LOW chip- 
select inputs, labelled CS X and CS y Both CS X and CS y must be LOW in order to read or 
■ -; c data. Note, however, that re-circulation is independent of CS X and CS y , and re¬ 
circulation is also independent of W/R if at least one of the chip-selects is HIGH. 

9.12 APPLICATIONS OF SHIFT REGISTERS 

Time Delays 

In many digital systems, it is necessary to delay the transfer of data until such time as 
operations on other data have been completed, or to synchronize the arrival of data at a 
subsystem where it is processed with other data. A shift register can be used to delay the arrival 
of serial data by a specific number of clock pulses, since the number of stages corresponds to 
the number of clock pulses required to shift each bit completely through the register. The total 
‘;n,e delay can be controlled by adjusting the clock frequency and by prescribing the number 
of stages in '.he register. !n practice, the clock frequency is fixed and the total delay can be 
adjusted only by controlling the number of stages through which the data is passed. By 
umng a serial-in, parallel-out register and by taking the serial output at any one of the 
intermediate stages, we have the flexibility to delay the output by any number of cioc 
pulses equal to or iess than the number of stages in the register. The arrangement show* 1 
in Fig. 9.12 can be used to delay the data by 4 clock pulses. 
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Serial/Parallel Data Conversion 

We know that data can be available either in serial form or in parallel form. Transfer of data 
in parallel lorm is much faster than that in serial form. Similarly, the processing of data is 
much faster when all the data bits are available simultaneously. For this reason, digital 
systems in which speed is an important consideration, are designed to operate on data in 
parallel form. When large data is to be transmitted over long distances, transmitting data on 
parallel lines is costly and impracticable. It is convenient and economical to transmit data 
in serial form, since serial data transmission requires only one line. Shift registers arc used 
for converting serial data to parallel form, so that a serial input can be processed by a 
parallel system and for converting parallel data to serial form, so that parallel data can be 
transmitted serially. 

A scriai-in, serial-out, shift register can be used to perform serial-to-parallel conversion, 
and a parallel-in, serial-out, shift register can be used to perform parallel-to-serial conversion. 
A universal shift register can be used to perform both the serial-to-parallel and parailel-to- 
scrial data conversions. A bidirectional shift register can be used to reverse the order of 
data. The arrangement shown in Fig. 9.12 can be used for serial-to-parallel conversion of 
a 4-bit data. The arrangement shown in Fig. 9.14 can be used for parallel-to-serial 
conversion of a 4-bit data. 


Ring Counters 

Ring counters are constructed by modifying the serial-in. senal-out. shift registers. There 
arc two types of ring counters—basic ring counter and Johnson counter. The basic ring 
counter can be obtained from a serial-in, serial-out, shift register by connecting the Q 
output of the last FF to the D input of the first FF. The Johnson counter can be obtained 
from a scrial-in, serial-out, shift register by connecting the Q output of the last FF to the 
D input of the first FF, Ring counter outputs can be used as a sequence of synchronizing 
pulses. The ring counter is a decimal counter. It is a divide-by-A counter, where N is the 
number of stages. The keyboard encoder is an example of the application of a shift 

register used as a ring counter in conjunction with other devices. 

Ring counters arc dealt within detail in Chapter 10. Figure 10.86 (Section 10.11) 
illustrates the use of the shift register as a ring counter. Figure 10.90 (Section 10.11) 
illustrates the use of the shift register as a twisted ring counter. 


Universal Asynchronous Receiver Transmitter (UART) 

Computers and microprocessor-based systems often send and receive data in a parallel 
format. Frequently these systems must communicate with external devices that send 
and/or receive serial data. An interfacing device used to accomplish these conversions 

is the UART. . n . 

A UAR'! is a specially designed integrated circuit that contains all the registers and 
synchronizing circuitry necessary to receive data in serial form and to convert and 
transmit it in parallel form and vice versa. Figure 9.2! shows the use of UART as an 
interfacing device. 
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Fig, 9,21 UART as an interfacing device. 


9.13 ANSI/IEEE STANDARD SYMBOLS 

The qualifying symbol that identifies a shift register is SRGn, where n is the number of bits 
For example, SRG4 and SRG8 identify 4-bit and 8-bit shift registers, respeetively 

Sh, '" S ‘ hC Symbo1 for an 8 ' bil senal ' in ' parallel-out, shift register, ic 
; 4HC ' M '_E!L c a "-° w indicates that shifting oeeurs from left-to-right, i.e. from Q A toward- 

G h . The CLR and CLK are_the mputs to the control block. All eight bits are clocked 

tmultaneously. The R at the CLR input indicates that clearing is independent of the clock. 

J !x nT, 8 ,S clock ' dc P e " dent ' 1115 indicated by 1R at the CLR input. Inputs A and B 
e ANDed to create the clock-dependent data input ID 

element A ^e'! EE ‘ he ' e ' ,Cr ° iS a ' WayS UScd ‘° in P“' data to a storage 

svnctao^fyTtheTd T " ,he CLK indica,es that «■<= »its are shifted 

ncnronously on the leading edge of the clock. 
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(a) Logic symbol of 
74HC164 
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(b) Logic symbol of 
74194 


(c) Function table showing modes of 
74194 


9*22 IEEE/ANSI symbols. 
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Mode Dependency 

Shift registers like other digital devices are often designed so that they can be operated in 
one of several modes, under the control of one or more binary inputs. The S 0 and S, inputs 
t0 the 74194 universal shift register shown in Fig. 9.22b, determine whether it is shifted 
right, shitted left, or loaded in parallel as given by the function table of Fig. 9.22c. 
indicates that there are four modes indicated by 0, 1,2, and 3. The numeral 4 is used to 
represe nt clo ck dependency. The R at the CLR terminal indicates that CLR is asynchron¬ 
ous. If CLR is synchronous, it is indicated by 4R. Shift-right senal input (SR SER) has 
mode dependency 1,4D, meaning that the input data is accepted at that point when in mode 
1 and that the data (D) is clock dependent (synchronous), i.e. loaded synchronously. 

Similarly, shilt-right serial input (SL SER) shift-left serial input data has mode 
dependency 2 and clock dependency 4, meaning that the input data is accepted at that point 
when in mode 2 and that the data is clock dependent. Parallel inputs A, B, C, and D have 
mode-dependency 3 and clock-dependency 4, meaning that parallel data is inputted at A, B, 
C, and D synchronously. The symbol 1 -» /2 4- at the clock terminal indicates that right 
shifting occurs in mode ! and left shifting occurs in mode 2. The two CLK lines are used 
in the symbol only to separate the clock and mode dependencies. 


SUMMARY 

• Data is said to be in serial form if the bits are available sequentially. 

• Data is said to be in parallel 'orm if the bits are available simultaneously. 

• A flip-flop can store only one bit of data, a 0 or a 1. So, a flip-flop is called a single¬ 

bit register. 

• A register is a set of FFs used to store binary data. 

• The registers which are used to simply store the data are called butler registers. 

• A register in which shifling of data takes place is called a shift register. 

• A shift register has no specified sequence ot states except in some very specialized 

applications. 

• t ransfer of data into and out of shift registers may take place either in serial form or 
in parallel form. 

• In a serial-in, serial-out, shift register, data is ed in serially, that is one bit at a time 
on a single line and data is also shifted out serially. 

• In a serial-in, parallel-out, shift register, data is ted in serially but data is shifted out 
in parallel form, that is all bits at a time. 

• In a parallel-in, serial-out, shift register, data is fed in, in parallel form but shifted out 

■ 

in serial form. 

• In a parallel-in, parallel-out, shift register, data is both fed in and shifted out in parallel 
form. 
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• In a bidirectional shift register, data can be shifted from left-to-right or right-to-lcft. 

• In a unnersal shift register, data can be shifted from left-to-right or right-to-left and 
also data can be shifted in or shifted out in serial form or in parallel form. 

• A shift register using FFs is called a static shift register. 

• In a static shift register, data stored is stationary. 

• Dynamic shift registers are made up of MOS inverters. 

• I a dynamic shift register, storage is accomplished by continually shifting data from 
one stage to the next and rc-circulating the output of the last stage into the first stage. 

• Dvnamic MOS registers are used in applications where power consumption and space 
are more important than speed as in pocket calculators. 

• Shift registers are used in digital systems to provide time delays. They are also used 
for serial, parallel data conversion and in construction of ring counters. 
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QUESTIONS 


What do you mean by (a) serial data and (b) parallel data? 

Why is a FF called a single-bit register? What does the ‘state* of a FF indicate? 
What is a register? What is a shift register? 

What are the various types of shift registers? 

What is a serial-in, serial-out, shift register? 

What is a parallel-in, serial-out, shift register? 

What is a serial-in, parallel-out, shift register? 

What is a parallel-in, parallel-out, shift register? 

What is a bidirectional shift register? 

What is a universal shift register? 

What are the applications of shift registers? 

v.hat is the basic difference between a counter and a shift register? 

What do you understand by the following? 

(a) Buffer re § ister (b) Controlled buffer register 

(cJ D > na mic shift register (d) Static shift register 


-hat is mode dependency? What is clock dependency? 
Where arc dynamic MOS registers used? 


With neat diagrams, explain the 
(a) Serial-in, serial-out, 
fc) Parallel-in, serial-out 
■ e) Bidirectional shift registers. 


working of the following types of shift registers: 

(b) Serial-in, parallcl-out 
(d) Parallel-in, parallel-out 
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COUNTERS 


10.1 INTRODUCTION 

A digital counter is a set of flip-flops (FFs) whose states change in response to pulses 
applied at the input to the counter. The FFs are interconnected such that their combined 
state at any time is the binary equivalent of the total number of pulses that have occurred 
up to that time. Thus, as its name implies, a counter is used to count pulses. A counter can 
also be used as a frequency divider to obtain waveforms with frequencies that are specific 
fractions of the clock frequency. They are also used to perform the timing function as in 
digital watches, to create time delays, to produce non-sequential binary counts, to generate 

pulse trains, and to act as frequency counters, etc. 

Counters may be asynchronous counters or synchronous counters. Asynchronous 

counters are also called ripple counters. The ripple counter is the simplest t>pe o* counter, 
the easiest to design and requires the least amount of hardware. In ripple counters, t e s 
within the counter are not made to change the states at exactly the same time. This is 
because the FFs are not triggered simultaneously. The clock docs not ^ l *]pct \ con rtx 
time at which every stage changes state. An asynchronous counter uses s 0 ^ , 

a counting function The actual hardware used is usually J-K FFs connected in toggle mode, 

i.e, with Js and Ks connected to logic 1- Even D FFs may be use ere _ 

The asynchronous counter has a disadvantage, insofar ab 1 ® . 

concerned. This limitation is overcome in parallel counters. e as>nw ro ' 

called ripple counter because when the counter, for examp e, S oes ron ^ , causes 

first stage causes the second to flip, the second causes the thirdt to flip,* kI ^ 

the fourth to flip, and so on. In other words, the transition of the ^ ^ 
to the last stage. In doing so, many intermediate stages are bnc y en e • . h 

that will AND 8 during Jy state, a brief spike wii. * *£££2££ 

counter goes from 1111 to 0000. Ripple countent «e also ca. ^ ^ „ the samc 

Synchronous counters are clocked such that each FF " p t e e counter 

<ime. This is aceomplished by eonnecting the cloek One to each ££ of the counter. 

Synchronous counters are faster than asynchronous counters, because p 

delay involved is less. . , „. , r : c a coun ter which 

A counter may be an up-counter or a down-counter, r n up-et counter which 

counts *U , .. . n I 7 1 N A down-counter is a counter wnien 

. nts m the upward direction, i.e. 0, 1, 2, V- , 0 Eac h 0 f the counts 

counts in the downward direction, i.e. M N — 1» 2V ‘ 
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of the counter is called .he state of .he counter. The number of states through which the 
counter passes before returning to the starting state ts called the modulus ot the counter. 
Hence the modulus of a counter is equal to the total number of distinct states (counts) 
including zero that a counter can store. In other words, the number ot input pulses that 
"uses the counter to reset to its initial count is called the modulus of the counter. Since 
a 7 hi, counter has 4 states, it is called a mod-4 counter. It divides the input clock signal 
frequency by 4, therefore, it is also called a dividc-by-4 counter. It requires two FFs. 
Similarly a 3-bit counter uses 3 FFs and has 2 J = 8 states. It divides the input clock 
frequenev by 2 3 . i.e. 8. In general, an rr-bit counter will have n FFs and 2 states, and 

divides the input frequency by 2”. Hence, it is a dividc-by-2’ counter. 

\ counter may have a shortened modulus. This type of counter docs not utilize all the 

possible states Some of the states are unutilized, i.e. invalid. The number of FFs required 
to construct a mod-* counter equals the smallest « for which N < T. A mod-* counter 
divides the input frequency by N, hence, it is called a dividc-by-* counter. In an 
asynchronous counter, the invalid states are bypassed by providing a suitable feedback. In 
a synchronous counter, the invalid states are taken care of by treating the corresponding 
excitations as don’t cares. The least significant bit (LSB) of any counter is that bit which 
changes most often. In ripple counters, the LSB is the Q output of the FF to which the 

external clock is applied. 

A counter which goes through all the possible states before restarting is called the y«// 
modulus counter, A counter in which the maximum number of states can be changed is 
called the variable modulus counter. The final state of the counter sequence is called the 

terminal count. 


Lock-out 

In shortened-modulus counters, there may occur the problem of lock-out. Sometimes when 
the counter is switched on, or any tijnc during counting, because of noise spikes, the 
counter may find itself in some unused (invalid) state. Subsequent clock pulses may cause 
the counter to move from one unused state to another unused state and the counter may 
never come to a valid state. So, the counter becomes useless. A counter whose unused 
states have this feature is said to suffer from the problem of lock-out. To ensure that, at 
‘start-up’ the counter is in its initial state, external logic circuitry is provided which properly 
resets each FF. The logic circuitry for presetting the counter to its initial state can be 
pro ,ded either by obtaining an expression for reset/preset for the FFs or by modifying the 
design such .hat the counter goes from each invalid state to the initial state after the clock 
pulse. So, no don t cares are permitted in this design. 

Combination of Modulo Counters 

A single FF is a mod-2 counter. We can have a counter of any modulus by choosing 
appropriate number of FFs and providing proper feedback. Counters of different mods can 
be combined to get another mod counter. For example, a mod-2 counter and a mod-5 
counter can be combined to get a mod-10 counter; a mod-5 counter and a mod-4 counter 
can be combined to get a mod-20 counter, and so on. The connection between the individual 
counters may be a ripple connection, or the counters may be operated in synchronism with 
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one another independently of whether the individual counters are ripple or synchronous. 
Further, we are at liberty to choose the order of the individual counters in a chain of 
counters. Such permutations will not change the modulus of the composite counter but may 
well make a substantive difference in the code in which the counter state is to be read. 


10.2 ASYNCHRONOUS COUNTERS 

two-bit Ripple Up-counter using Negative Edge-triggered 

Flip-flops 

The 2-bit up-counter counts in the order 0, 1, 2, 3, 0, 1,..., i.e. 00, 01, 10, 11, 00, 
01 etc. Figure 10.1 shows a 2-bit ripple up-counter, using negative edge-triggered J-K 
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(a) Logic diagram (&) Timing diagram 

Fig. 10.1 Asynchronous 2-bit up-counter using negative edge-triggered flip-flops. 


FFs, and its timing diagram. The counter is initially reset to 00. When the first clock pulse 
is applied, FFj toggles at the negative-going edge of this pulse, therefore, Q ( goes 
to HIGH. This becomes a positive-going signal at the clock input of FF^. So, ¥F 2 is not 
affected, and hence, the state of the counter after one clock pulse is Q, -l and Q : U, 
i.e. 01. At the negative-going edge of the second clock pulse, FF, toggles. So, Q, changes 
from HIGH to LOW and this negative-going signal applied to CLK of FF 2 activates F 2 , an 
hence, Q, goes from LOW to HIGH. Therefore, Q, = 0 and Q 2 - 1, i.e. 10 is the state o 
the counter after the second clock pulse. At the negative-going edge of the thud clock pulse, 
FF, toggles, so, Q, changes from a 0 to a 1. This becomes a positive-going signal to FF 2 , 
hence, FF 2 is not affected Therefore, Q 2 - 1 and Q, = U U U is the state of the counter 
after the third clock pulse. At the negative-going edge of the fourth clock pulse, FF, toggles. 
So, Q, goes from a 1 to a 0. This negative-going signal at Q, toggles FF 2 hence, Q 2 also 
changes from a 1 to a 0. Therefore. Q 2 - 0 and Q, - 0. i.e. 00 ,s the state of the counter 
after the fourth clock pulse. For subsequent clock pulses the counter goes through he 
same sequence of states. So, it acts as a mod-4 counter with Q, as the LSB and Q 2 as the 
MSB. The counting sequence is thus 00, 01, 10, II, 00, 01,...,etc. 

Two-bit Rip pie Down-counter Using Negative Edge-triggered 

Flip-flops 

A 2-bit down-counter counts in the order 0, 3, 2, U 0, 3,..., i.e. 00, 11, 10, 01, 00, 11, 
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, 1C . Hgure 10.2 shows a 2-bit rippic down-counter, using negative-edge triggered J-K 
FFs, and its timing diagram. 
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(a) Logic diagram ( b > Timin 3 dia 9 ram 

Fig. 10.2 Asynchronous 2-bit down-counter using negative edge-triggered flip-flops. 


For down counting, Q , of FF, is connected to the clock of FF 2 , Let initially all the FFs 
be reset, i.e. let the count be 00. At the negative-going edge of the first clock pulse, FF, 

toggles, so, Q, goes from a 0 to a 1 and Q, goes from a 1 to a 0. This negative-going 

signal at Q, applied to the clock input of FF 2 , toggles FF 2 and, therefore, Q 2 goes from 
a 0 to a 1. So, after one clock pulse Q ; = 1 and Q, = 1, i.c. the state of the counter is 
11. At the negative-going edge of the second clock pulse, Q, changes from a 1 to a i) and 

Q. from a 0 to a 1. This positive-going signal at Q, does not affect FF 2 and, therefore, 
Q-, remains at a 1. Hence, the state of the counter after the second clock pulse is 10. At 
the negative-going edge of the third clock pulse, FF ; toggles. So, Q, goes from a 0 to a 

1 and Q from a 1 to a 0. This negative-going signal at Q, toggles FF-, and, so. Q 2 changes 
from a 1 to a 0. Hence, the state of the counter after the third clock pulse is 01. At the 
negative-going edge o? the fourth clock pulse, FF, toggles. So, Q, goes from a 1 to a 0 

and Q; irom a C to a 1. This positive-going signal at Q, docs not affect FF 2 . So, Q 2 
remains at a 0. Hence, the state of the counter after the fourth clock pulse is 00. For 
subsequent clock pulses the counter goes through the same sequence of states, i.c. the 
counter counts in the order 00, 11, 10, 01, 00, and 11... 


Two-bit Ripple Up/Down counter Using Negative Edge-triggered 
Flip-flops 

As the name indicates, an up/down counter is a counter which can count both in upwind 
d downward directions (Fig, 10.3). An up/down counter is also called a forward/ 
backward counter or a bidirectional counter. So, a control signal or a mode signal M ’ s 
required to choose the direction of count. When M = 1 for up^ counting, Q, is transmitted 

to clock oi FF 2 and when M = 0 for down counting, Q, is transmitted to clock of FF 2 , 

This is achieved by using two AND gates and one OR gate as shown in Fig. 10. J. THe 
external clock signal is applied to FF,. ' 

Clock signal to FF, = (Q, • Up) + (Q, . Down) = Q,M + Q,M 


Counters 393 



Fig. 10.3 Logic diagram of a 2-bit ripple up/down counter using negative edge-triggered 

flip-flops. 

Two-bit Ripple Up-counter Using Positive Edge-triggered 
Flip-fiops 

A 2-bit ripple up-counter, using positive edge-triggered J-K FFs, and its timing diagram are 

shown in Fig. 10.4. The Q, output of the first FF is connected to the clock of FF 2 . The 
external clock signal is applied to the first flip-flop FF,. The FF j toggles at the positive-going 

edge of each clock pulse and FF 2 toggles whenever Q, changes from a 0 to a 1. State 
transitions occur at the positive-going edges of the clock pulses. The counting sequence is 
00, 01, 10, 11, 00, 01, ..., etc. 




(a) Logic diagram Timing diagram 

Fig. 10.4 Asynchronous 2-bit up-counter using positive-edge triggered flip-flops. 


Two-bit Ripple Down-counter using Positive Edge-triggered 

Flip-flops 

A 2-bit ripple down-counter, using positive edge-triggered J-K FFs, and its timing digram 
a| c shown in Fig. 10.5. The Q, output of the first FF is connected to the clock of FF 2 . 
The external clock signal is applied to FF,. The FF, toggles at the positive-going edge of 
ca ch clock pulse. The FFv toggles whenever Q| changes from a 0 to a I. The counting 

sequence is 00, 11, 10, 01, 00, 11,... etc. 
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(a) Logic diagram 


CLK 

Q, 





o 


(b) Timing diagram 



Fig. 10.5 Asynchronous 2-bit down-counter using positive edge-triggered flip-flops. 


Two-bit Ripple up/Down Counter using Positive Edge-triggered 
Flip-flops 

Figure 10.6 shows a 2-bit ripple up/down counter using positive edge-triggered J-K. FFs. 

When M = I for up counting, Q, is transmitted to the clock of FF 2 and when M = 0 for 
down counting, Q, is transmitted to the clock of FF 2 . This is achieved by using two AND 
gates and one OR gate as shown in Fig. 10.6. 

Clock signal to FF : = (Qj • Up) + (Q t • Down) = Q,M + Q|M 



Fig. 10.6 Logic diagram of a two-bit ripple up/down counter using positive edge-triggered 

flip-flops. 

10.3 DESIGN OF ASYNCHRONOUS COUNTERS 

To design an asynchronous counter, first write the counting sequence, then tabulate the 
values of^reset signal R for various states of the counter and obtain the minimal expression 

^ )r ^ usin g K-map or any other method. Provide a feedback such that R or R resets 

-i: the FFs after the desired count. 

EXAMpu 10.1 Design and implement a mod-6 asynchronous counter using T FFs. 

Solution 

A mod-6 counter has six stable states 000, 001, 010, 011, 100, and 101. When the sixth 
clock pulse is applied, the counter temporarily goes to 110 state, but immediately resets to 
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000 because of the Iccdback provided. It is a ‘divide-by-6 counter’, in the sense that it 
divides the input clock frequency by 6. It requires three 1 i s, because the smallest value 
0 f ft satisfying the condition N < 2 is n — 3; three FFs can have eight possible states, out 
of which only six arc utilized and the remaining two states 1)0 and lit, are invalid. If, 
initially the counter is in 000 state, then after the first clock pulse it goes to 001, after the 
second clock pulse it goes to 010, and so on. After the sixth clock pulse it goes to 000. 

For the design, write a truth table [Fig. 10.7(c)] with the present state outputs Q v Q 2 , 
and Qi as the variables, and reset R as the output and obtain an expression for R in terms 



(a) Logic diagram 




(b) Timing diagram 

Fig. 10.7 Asynchronous mod-6 counter using 
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(c) Table for R 

T flip-flops (Example 10.1). 


Q 3 > Q 2 , and Q,. That decides the feedback to be provided. From the truth table, R 

QjQ 2 - For active-LOW reset, R is used. The reset pulse is of very short duranon, ofthe 
order of ns and it is equal to the propagation delay time of the NAND gate used. The 
expression for R can also be determined as follows. 


R = 0 for 000 to 101, R = I for ' 10, and R X for 111 
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Therefore. 


R = Q 3 Q : Q i + QxQiQi “ Q3Q2 


The logic diagram. the timing diagram, and the table for R of a mod -6 counter are all 
.;,o» n m Fk 10.7 From the timing diagram it is seen that a glitch appears in the waveform 

of Q2- , 

EX AMPLE 10.2 Design and implement a mod-10 asynchronous counter using T FFs. 


Solution 

A mod- 10 counter is a decade counter. It is also called a BCD counter or a divide-by-10 
coi nter It requires four FFs (the smallest value of n satisfying the condition 10 < 2", is 
I = 4 ) go there are 16 possible states, out of which ten are valid and the remaining six 
are invalid. The counter has ten stable states, 0000 through 1001, i.e. it counts from 0 to 
9 Th e initial state is 0000 and after nine clock pulses it goes to 1001. When the tenth clock 
pulse is applied, the counter goes to state 1010 temporarily, but because of the feedback 
prov ided, it resets to initial state 0000. So, there will be a glitch in the waveform of Q 2 as 
nay be seen in the timing diagram (see Fig. 10.9). The state 1010 is a temporary state for 
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(a) Count table 
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(b) K-Map 



Fig. 10.8 Asynchronous mod-10 counter using T flip-flops (Example 10.2). 
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which 
to 1 1 I 1 ■ 


the reset signal R 1, R 0 for 0000 to 1001 , and R = X (don’t care) for 1011 


The count tabic and the K-map for reset are shown in Fig. 10.8(a) and 10.8(b), 
respectively. From the K-map, R = Q 4 Q 2 . So, feedback is provided from second and fourth 
FFs For active-HIGH reset, Q 4 Q 2 is applied to the C'LEAR terminal. For active-LOW reset, 

qq j s connected to ( ‘.Roi all the 1 l? s. The logic diagram of the decade counter is shown 

in Fig. 10 . 8 (c) and its timing diagram without considering propagation delay is shown in 

Fig. 10-9. 



Fig. 10.9 Timing diagram of a mod -1 0 counter without considering propagation delay 

(Example 10.2). 

10.4 EFFECTS OF PROPAGATION DELAY IN RIPPLE COUNTERS 

J," ripple counters, each FF is toggled by the ch “*' n ® ** if > until 

^ can change state until alter the propagation delay 
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4 ce- , their transitions. This delay accumulates as we proceed through 

ail preeedu^ FFs v mpl <** a dcInmenIa i effect on the operation ot the npple counter. 

aec uo j ».ugk>. in. ,, thc pp s change states when the count goes from 

21.* trtSTSTSi^ 55 clock pulse is applied Q, will no, change state 
■srantaneously. but goes fro^a Mo 

£ diagram considering propagation delays is shown in Fig. 10.10. 
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Fig 10.10 Timing diagram considering propagation delay (no skipping of states). 


If the propagation delay is large and clock frequency high, i.e. clock period is low, tW# 
:nerc 5 a possibility that the first FF responds to the new clock pulse before the previous 
dock pulse has effected transition of the fourth FF. When the last FF finally responds, the 
counter may read 1001 having skipped 1000. Thus the count goes directly from 0111 
1001. If the clock frequency is so high that it is possible for the clock pulse to change the 
stateof the first stage, before the state changes caused by the previous clock pulse have 
nppted through to the last stage, then a count will be skipped. Thus it is obvious that 

propagation delays m the FFs of a ripple counter impose a limit on the frequency at whic 

the counter can be clocked. ^ 
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If T c is the period of the clock pulse, n the number of stages and f |x] the propagation 


delay »i 


each stage, then the clock frequency f c is constrained by 


fc < 


nt 


pd 


Suppose T c = 0.1 ps, i.e. / c = 1 iO.I ps) ■ 10 MHz and suppose ~ 0.05 ps, the 
iming diagram would then be as shown in Fig. 10.11. Here skipping of states occur. The 
count 1000 is not reached at all as shown in Fig. 10.11. 
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Fig. 10.11 Timing diagram of a ripple counter showing skipping of states. 

EXAMPLE 10.3 Implement a 3-bit ripple counter using D FFs. 

Solution 

For ripple counters, the FFs used must be in toggle mode. The D FFs may be used in toggle 
mode by connecting the Q of each FF to its D terminal. The 3 -bit ripple eounier usmg D 
H s is shown in Fig. 10.12. 



(Example 10.3). 















































































































































































































400 Fundamentals of Digital Circuits 

cascading of Ripple counters 

. , con nectcd in cascade to increase the modulus of the counter A 
Ripple counters can be connecte a inod . M N counter. While cascading, the 

mod-M and a mod N counter i ^ - connected t0 the toggling stage of the second 

most significant stage o L j n casc adc arc shown in Fig. 10.13{a)^ 

counter. Some examples of co „ ^ fr ncy division, however, the duty cycle 

The order of cascading does ordcr in w hich the counters are cascaded, 

of the most significant output may dep^ o„‘he counters because of the 

—* 

logic diagram of cascaded ripple counters. 



(a) Examples of counters in cascade 


(b) Logic diagram of cascaded ripple counters 

Fig. 10.13 Ripple counters. 



10.5 DECODING OF RIPPLE COUNTERS 

The outputs of a counter arc in binary form. To determine the decimal equivalent of ^ 
count, decoders arc used. In many digital applications it is necessary that some or ^ 
counter states be decoded. The decoding of a counter involves using decoders or * 0 ^\ C ^ odcr 
to determine when the counter is in a certain state or states in its sequence. The w _ 
network generates N (for a mod -N counter) different outputs, each of which c c ^ 
(decodes) the presence of one particular state of the counter. The decoder outputs CJI1 

1 Aii sCU’* 

designed to produce either a HIGH or a LOW level when the detection occurs, n 
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decoder produces HIGH outputs to indicate detection. An active-LOW decoder 
I oW outputs to indicate detection. 

pr0d Figure 10.14(a) shows a binary-to-decimal decoder used with a 2-bit ripple counter. The 
and gates produce high output in succession for each of the four successive counts 

lour 
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Q, 
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Q 2 _ 

Q t —l 



(a) 


Q 

0 




lb) A basic decade counter and decoder 


(c) A basic decade counter ana decoder 
with strobing to eliminate giiicnes 


Fig. 10.14 Asynchronous 2-bit up counter with decoder gates. 

d, 1. 2, 3 corresponding to states 00 (Q 2 Q 1 )’ ^ (Q 2 Q 1 )’ ^ 1 '• ,v D 

is active-HIGH decoding. For active-LOW decoding, NAND gates are used m P ^ 
gates. The waveforms in Fig. 10.15 indicate that one and only one decoder o i . * 

at any given time. These waveforms correspond to active-HIG 
waveforms are ideal in the sense that they ignore the effects o propaga r L t ion 
|; ignre 10.16 shows the actual decoder waveforms that resu t * Kn , L n f t he*AND 
Ways of the 2-bit ripple counter are taken into account. The £ asynchro „o US 

glUes are neglected. The propagation delays owing to ^ PP changi(l g a t slightly 

counters create transitional states in which the counter l P * .. n f short duration 

different times. These transitional states produce undesired voltage spi _ Q 
(glitches on the outputs of a decoder). We see that glitchs ^ m 
waveforms because of intermittent combinations ol states t at at 1V . The 

gates. The width of these glitches equals the width of the propagation delay f„ 

Pidciical consequences of the glitches depend on the be t00 nar row to create 

the decoder outputs drive indicator lamps, the g 1 c ‘ ri ered Jevices, the 

^ response. On the other hand, if the decoder outputs ^ ve ed f the outputs can 

b !^] cs ma y be responsible for unsatisfactory performance. ”} 0S V, re j uces the width 
be deglitched’ by ANDino them with the clock. However, this remedy reduce. 
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Fig. 10.15 Decoder waveforms without considering the propagation delays. 

of a deglitched output to the width of a clock pulse, which causes gaps tc > a PP ea ^ ^ at a 
decoder outputs. One way to eliminate the glitches, is to enable the decode ou ^. an d 
time after the glitches have had time to disappear. This method is known as stro 1 . r£ 
can be accomplished by using the LOW level of the clock to enable the deco er _ j^c) 
10 14(b) shows the logic diagram of a basic decade counter and decoder. Figure _ | nate 
shows the logic diagram of a basic decade counter and decoder with strobing to e 
glitches. ' 33 P 09 I 

i z 201 How tnatty 

EXAMPLE 10.4 A binary ripple counter is required to count up to 16,3oJ|0‘ 0 utp ut 
FFs are required? If the clock frequency is 8.192 MHz. what is the frequency at t e 

of the MSB? 
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Fig. 10.16 Decoder waveform considering the propagation delays 


Solution 


The number of FFs n is to be selected such that the number of states V < 2”. With n FFs 
the largest count possible is 2 n — 1. Therefore, 


i'I 


I = 16,383 


or 


« = log, 16,384 = 14 
So, the number of FFs required is 14. 
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Fivoueno at the output of last stage 







8.192 MHz = 500 Hz 
16J84 


rv ample 10 5 For what minimum value of propagation delay in each FF will a 10-bit 
n^elter *ip a count when it is Cocked a, .0 MHz? 


Solution 

For a state change to ripple through all n stages., 
is constrained by 


T c = nt txJ . Therefore, the dock frequency 



Therefore. 



1 



or 


fpd(min) 


1 

10 x 10 x 10 6 


10 ns 


10.6 INTEGRATED CIRCUIT RIPPLE COUNTERS 

Because of the inherent simplicity of ripple counters, they are available in integrated circuits 
wuh a relati\ eh large number of stages in a single package. Many also have additional 
features that enhance their versatility and make it possible to use one circuit tor a variety of 
applications. An example is the 7493-series TTL counter, which can be used as a mod-2, 
mod-8, mod-10, mod-12 or mod-16 counter. 

The 7493A 4-bit Binary Counter 

As the logic diagram in Fig. 10.17 shows, this device actually consists of a single FF and 
a 3- asynchronous counter. This arrangement is for flexibility. It can be used as a dividc- 
by-2 device us ng only the single FF; or it can be used as a mod-8 counter using only the 
3-bn cv unter portion. It can also be used as a mod-10, mod-12, or mod-16 counter by 
making proper connections. This device also provides gated reset inputs, R ol , R 02 - When 

both of these inputs are HIGH, the counter is reset to the 0000 state by CLR. 

To use re 'A93A as a mod-2 counter, apply the clock signal to Cl.KA (pin 14) and 
*.uke the output :rom Q A(L s B) (pin 12). The R^ and R 02 are grounded. 

To use the 7493A as a mod-8 counter, apply the clock signal to CLK.B (pin 1) and take 
outputs from Q B , Q c , and Qd< msb >. The R^ and R 0 , are grounded. 
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Fig. 10.17 The 7493A 4-bit ripple counter. 


The 7493A as a mod-10 counter 

To use the 7493A as a mod-10 counter, apply the clock signal to CLK.A, connect Q A 
to CLKB (since all the FFs are to be used), connect Q s to R^, and Q D to R 0I because 
feedback is provided from the 8’s place and 2‘s place (10, o = 1010 2 ) as shown in 
Fig. 10.18(a). As soon as the count goes to 10 (1010), i.e. Q D = 1 and Q B = 1, all the FFs 
will be reset. 



(a) 7493A connected as a mod-10 counter 

Fig. 10.18 The 7493A as a mod-10 



(b) 7493A connected as a mod-12 counter 


counter and as a mod-12 counter. 
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nt 74«A «• mod i: counter dock sjgnal t0 CLKA. Connect Q A to 

T , 1K ,. ;hc '493A as a mod-l~ counter prj to p t0 provide proper 

Cl nB to create a 4-bil immwliaWly after the counter goes to count 12 (1100), 

feedback as shown in F,g. l0J f< b o I ^ 0 Xhis ^ howC ver, results in a glitch on Qc because 

i-c. On = 1 and 0 C -U * ™ ’ several nanoseconds before recycl.ng, 

he counter must res.de in the 1100 state tor 

rhe 7493A as a mod-14 counter . signal t0 CLKA. Connect Q A to 

To use the -4U3A as a mod-1 - counter app > ^ to o Thc built-in reset NAND 

CLKB. Connect Q 0 to Ro,- Connect the N ° fi ^ANDed and then applied to R„ 2 as shown 
gate has only two inputs: so Q,.andQc : «™* count |4 (1110 ), i.c. Q D = Qc 
m Fig . 10.19(a). Immediately after the counter 

= 1, and Q 0 = K it is reset to 0000. \ 

The 7493A as a mod-16 counter n k connected 

r. ■-1 r' “-s 1 vss rss irK «»- assrs 

zsz. xt. x lev.—— r— 




CTR DIV 16 


o G a 6Q 
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oQ, 
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Q 


. .. , fw\ 7493A connected as a mod-16 counter 

a, 7493A connected as a mod-14 counter (“) 74y,}M 

Fig. 10.19 The 7493A as a mod-14 counter and as a mod-16 counter. 


The 7493A as a mod-50 counter 

The 7493A chips can be used to divide the input clock frequency by 50. In fact, two or 
more counters can be cascaded to produce an overall MOD number equal to the pro' u 
of their individual MOD numbers, ’his can be very useful in applications where a arg 

number for frequency division is required. 

The input frequency is to be divided by 50. So, two counters, one a mod- 10 coun e 
and another a mod-5 counter can be connected in cascade to get a mod-50 counter. llS 
car be achieved by using two 7493A chips as shown in Fig. 10.20, Thc first counter divides 
10; so. Q of the first counter has a frequency of / in /10. This Qd * s connected to 
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Mod-10 


Mod-5 



L 

50 


CLKB. The second 7493A divides this/ n /10 by 5 so that the output signal at Q D of the 
second 7493A is of frequency {fj 10)/5 = j^/50. 

The 7490 Decade Counter 

The 7490 is a decade counter (mod-10) which consists of four master-slave flip-flops 
internally connected to provide a divide-by-2 counter and a divide-by-5 counter as shown 
in Fig. 10.21. Gated direct-reset lines are provided to inhibit count inputs to cither a logic 
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Flfl. 10.21 The 7490 decade counter. 
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0 yr l0 a 8 cd count of 9. Since the output Q A from FF A is not internally connected to the 
v'ucccccing stages, the count may be separated into three independent count modes. 

I W hen used as a BCD counter, the B input must be externally connected to the Q A 
output. The A input receives the incoming count, and a count sequence is obtained 
in accordance with the BCD count sequence. Two gated inputs arc provided to 
reset the counter to 0; in addition, two more inputs are also provided to reset the 
counter to a BCD count of 9 for the 9's complement decimal applications. 

: If a symmetrical divide-by-10 counter is desired for frequency synthesizers, the Q n 
output must be externally connected to the A input. The input count is then applied 
at the B input, and a divide-by-10 square wave is obtained at the Q A output. 

3. No external interconnections are required for operation as a divide-by-2 counter and 
a divide-by-5 counter. The FF A is used as a binary element for the divide-by-2 
function. The B input is used to obtain binary divide-by-5 operation at the Q B , Q c , 
and Q 3 outputs. In this mode, the two counters operate independently. However, 
all the four FFs are reset simultaneously. 


10.7 SYNCHRONOUS COUNTERS 


Asynchronous counters are serial counters. They are slow because each FF can change 
state only if all the preceding FFs have changed their state. The propagation delay thus gets 
accumulated, and so causes problems. If the clock frequency is very high, the asynchronous 
counter may skip some of the states and, therfore, malfunction. This problem is overcome 
in synchronous or parallel counters. Synchronous counters are counters in which all the 
FFs are triggered simultaneously (in parallel) by the clock-input pulses. Whether a FF 
toggles or not depends on the FF’s inputs (J, K, or D, or T, or S, R). Since all the FFs 
T: ange state simultaneously in synchronization with the clock pulse, the propagation delays 
of FFs do not add together (as in ripple counters} to produce the overall delay. In fact, the 
propagation delay of a synchronous counter is equal to the propagation delay of just one 
■ r plus the propagation delay oi the gates involved. So, the synchronous counters can 
operate el much higher frequencies than those that can be used in asynchronous counters. 

Synchronous counters have the advantages of high speed and less severe decoding 
probiCtris, but the disadvantage of having more circuitry than that of asynchronous 
counters. Many synchronous (parallel) counters that are available as ICs are designed to be 
presettable, i.e. they can be preset to any desired starting count either asynchronously or 
synchronously. This presetting operation is also referred to as loading the counter. 

Four-bit Synchronous Up-counter—Propagation Delay 


In a synchronous counter, the clock signal is applied to all the FFs simultaneously The 
4-bit up-counter counts in the order 0000, 0001, 0010,...1111, 0000, 0001,... The counting 
sequence and the timing diagram of this counting sequence are shown in Fig 10 22 
Observing the up-couming sequence, we can conclude that Q, changes state for every 
clock puoe. So, FF[ has to be in toggle mode. Therefore, J, * K, = 1 O chanecs state 
whenever Q, is 1, i.e. FF, toggles whenever Q, is 1. So. lonnm Q,to J 2a „d l Q, 
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After State of counter 

clock pusle Q,, cu Q Q 
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(a) Counting sequence 


(b) Timing diagrams 


t 


Fig. 10.22 Four-bit synchronous up-counter considering the effect of propagation 

delay. 


changes state whenever Q 2 = 1 and Q, = 1; that means, FF 3 toggles whenever Q ( Q : = 1. 
So, Q,Q 2 is connected to J 3 and K 3 . Q 4 changes state whenever Q, = 1, Q, = 1, and Q* 
- 1, i.e. FF 4 toggles whenever QjQ 2 Q 3 - 1 . So, Q]Q 2 Q 3 is connected to J 4 and K 4 . Hence, 
the logic diagram will be as shown in Fig. 10.23. 



As may be seen in the timing diagram of Fig. 10.22, the propagation delay does not get 
accumulated in synchronous counters as it does in ripple counters. When the count is 
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, from 0JI1 to 1000 , for ripple counters, the propagation delay associated is 4^, 
« hcrLVor the synchronous counters it is only fa So, an increase in the number of FFs 
does not have an adverse effect on the operation of synchronous counters. 

in ripple counters, propagation delays can cause glitches when the outputs of 
sv nehronous counters arc decoded. However, in the case of synchronous counters, it is the 
s ' .ill differences between the propagation delays of individual FFs and differences between 
the values of f PHL and r PLH that are responsible for the glitches, rather than the delays 
themselves. These differences prevent the FF outputs from changing in perfect 
synchronism. The creation of glitches because of this lack of perfect synchronism is 
illustrated in Fig. 10.24. Some integrated circuit decoders are equipped with ENABLE inputs 
that can be used to deglitch the decoder outputs. Ihe ENABLE input is strobed (pulsed) by 
an external signal that enables the decoder at regular timing intervals which exclude the 
times w he re glitches occur. 



Q* 

D 0 = QA 



—Glitch 


Fig. 10.24 Glitch in synchronous counter. 


Four-bit synchronous Down-counter 


A --bit synchronous down-counter counts in the order 0000, 1111, 1110. 0000. 1111. 

The counting sequence is shown in Table 10.1. 


Table 10.1 Counting sequence of a 4-bit synchronous down-counter 


After clock 
pulse 

0 

1 

2 

3 

4 

5 

6 

7 

8 


State of the counter 


C>4 Q 3 Qz Q, 

0000 
1111 
1110 
1101 
1100 
10 11 
10 10 
loot 
1000 


After clock 
pulse 

9 

10 
11 
12 

13 

14 

15 

16 
17 


State of the counter 

Qj Q) G 2 Q 1 

0 1 1 1 

0 110 

0101 
0 10 0 

0011 
0 0 10 

0001 
0 0 0 0 

lilt 
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Observing the down-counting sequence, we can conclude that: 

Qi changes state alter each clock pulse. So, FF, is in toggle mode. Therefore, J, = 1 and 

1C, = 1. Q 2 changes state only when Q, = 0, i.e. Q, = I, i.e. FF 2 toggles only when Q, 
= 1- So, connect Q, to J 2 and fC 7 . 

O, changes state only when Q, = 0 and Q, = 0, i.e. Q, = I and Q 2 = I, i.e. FF, toggles 
only when Q,Q 2 = 1 . So, connect Q,Q, to J, and K,. 

Q, changes state only when Q, - 0, Q 2 = 0, and Q, = 0. t.e. only when 0, = I. Q, = I 

and Oj - I t.e. FF, toggles only when Q,Q 2 Q } = |. So , connect Q,Q,Q, to J, and K. 
Hence, the lug.c diagram for a 4-bit down-counter is as shown in Fig. 10.25. 



Fig. 10.25 Logic diagram of a 4-bit synchronous down-counter. 

Four-bit Synchronous Up/Down (Bidirectional) Counter 

A 4-bit synchronous up/down counter can be obtained by combining the up-counting and 
down coummg operations in a single counter using control or mode fignal. Let us say we 
want the counter to count up when mode signal M = 1 and count down when mode signal 

the excitaH °f blam thc ) ex , pressi0ns for “citations of an up/down counter by combining 

couaiinn r ° “£ a " d down - coun,crs 'he mode signal. Therefore, the design 

equations (or an up/down counter are: b 

J, = K, = I 

h = = (Qj • Up) + (Q t • Down) = Q,M + Q,M 

= = (Qi ‘ Q 2 * Up) + (Q| * Q, • Down) = Q,Q 2 M + Q,Q,M 

J 4 ~ K 4 = (Q, • Q 2 ■ Qj • Up) + (Q, • Q 2 • Q 3 • Down) = Q,Q : QjM + Q,Q ; Q ,M 

The logic diagram of a 4-bit synchronous up down counter is shown in Fig. 10.26. 

ost u Pfdown counters can be reversed at any point in the sequence. 

Look-ahead Carry 

m (he 4-bit up-countcr shown in Fig. 10.23, the term Q,Q ; , ... is called a carry, that is, 

'' brought forward to each stage. I he carry must ripple through the successive AND 
.^‘Hl s, i.e. the output of the rightmost AND gate is not valid until the outputs of all the 
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Fig. 10.26 Logic diagram of a 4-bit synchronous up/down counter. 


nrccedim- AND gates are valid. The propagation delays of the AND gates accumulate and 
L cumulative delay puts a limit on the counting speed of the synchronous counter. To 
increase the counting speed, many IC versions of synchronous counters use the look-ahead 

carry as shown in Fig- 10.27. 



Fig. 10.27 Logic diagram of a 4-bit synchronous counter with look-ahead carry. 


The J and K control logic is the same as that in the ripple-carry circuit, but the 
accumulation of propagation delay is eliminated. The total delay at each stage in this case 
is equal to the propagation delay of just one AND gate. 

10.8 HYBRID COUNTERS 

A hybrid eounter is a counter in which the output of a synchronous counter drives the clock 
input ot another counter to get a divide-by-N operation. The block diagram of a hybrid 

counter is shown in Fig. 10.28. 



(a) Block diagram (b) state diagram 


Fig. 10.28 Hybrid counter. 
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when N is any number divisible bv 2 Z ^"metrical divide-by-A output. For example, 

making the output of a synchronous'mnH «n° b * s * mme,rical d.vide-by-N counter, by 
nf the' mnH 1 m .into n ^ c ° US mod ‘^ 2 counter drive a mod-2 counter. The output 

hvhrid muntPf nZ ?? 3 of /c W. The logic diagram of a mod-12 synchronous 

The timing di aPra ined h by US ‘ n8 3 mod ' 6 counter and a mod-2 counter is shown in Fig. 10.29. 

r inter ■ « , \ a™? 1° indicates that the sequence of the states of the 

from th t t r * * 9 ’ 2 > etc - The counter is self-starting 

as seen from the state diagram of Fip lots * ... 

, . . ... ng. iu.js. Whenever it goes to an invalid state, it comes 

back to the valid state in 1 or 2 clock pulses. 



Fig. 10.29 Logic diagram of a hybrid mod-12 counter. 



Q, 

o. 



Fig. 10.30 



Timing diagram of a hybrid counter. 


10.9 DESICN OF SYNCHRONOUS COUNTERS 

| 

For a systematic design of synchronous counters, the following procedure is used: 

Step 1 Based on the description ot the problem, determine the required number n of the 
FFs—the smallest value of n is such that the number of states N < 2 n — and the desired 
counting sequence. 
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step 2 Draw the - s»ssa 

also be called the transition di g » _ , counter goes to a particular state trom 

the — can also bc includcd in thc state diagnim - 

• , •, *■„„ t.hiP that lists the present state (PS), the next state (NS) and 

Step 3 Write the excitation table tnai nsis l 

thc required excitation. 

S (e p 4 obtain the minimal expressions for the excitations of the FFs ustng K-maps. 

Step 5 Implement the minimal expressions to get thc logic circuit. 

., r is a shortened-modulus counter it may suffer lrom thc 
If the synchronous co the counler may not self-start. A self-starting counter is one, 
problem of lock-out. That is, the counter ) rcga rdless of its initial state. The 

that will eventually enter its propet sequence of staie eg d 

counter can be made self-s.arnng ^ - /* for l nterS of any 

number of bits and any arbitral sequence. The only "" “ ' 1 — 

cannot contain the same state more than once within one complete cycle belore repeating 

itself. 


EXAMPLE 10 

FFs. 


.6 Design and implement a synchronous 3-bit up/down counter using J-K 


Solution 

A 3-bit counter requires three FFs. For selecting up and down modes, a control or mode 
siena! is required. Let us say it counts up when the mode signal M - 1 and counts down 
when M = 0. The clock signal is applied to all FFs simultaneously. The J and K inputs o 
the FFs are expressed in terms of the present state outputs of the FFs and the control signal. 
The state diagram of the 3-bit up/down counter is shown in Fig. 10.31. The excitation 

requirements of the counter are shown in Table 10.2. 

The K-maps for J 3 , K 3 , and K 2 based on the excitation table and the minimal expressions 

obtained from them are shown in Fig. 10.32. Also, minimizing the K-map for J 2 , we get, 


J 2 = Q,M + Q,M 

From the excitation table we can conclude that J, = 1 and K ( = 1, because all the entries 

for J, and K, are either X or 1. J 

The logic circuit realized using those minimal expressions is shown in Fig. 10.33. 


Second method 

A 3-bit up down counter can also be realized by designing the up-counler and the down- 
counter separately and then combining them using a mode signal and additional gates. 

Three-bit up-counter. The state diagram of a 3-bit up-countcr is shown in Fig. 10.34(a). 
The excitation requirements when JK FFs are chosen as memory elements are shown in 
Table 103. > ; i -*T 1 
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Fig. 10.31 State diagram of the 3-bit up/down counter (Example 10.6). 


Table 10.2 Excitation table 
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M 
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K 3 =QA M + Q -’ Q,M 


Fig. 10.32 Karnaugh maps {Example 
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Fig. 10.33 Logic diagram of the synchronous 3-bit up/down counter (Example 10.6). 


Table 10.3 Excitation table of a 3-bit up-counter (Example 10.6) 



PS 



NS 




Required excitation 



Pa 

A 

Qi 

Qa 

A 

Q, 


K 3 

J 2 

K 2 

Jt 

K 1 

0 

0 

0 

0 
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X 
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The K-maps for excitations based on the excitation table and the minimal expressions 
for excitations J 3 > K v J 2 , and K 2 in terms of the present outputs Q 3 , Q 2 , and Q, obtained 
by minimizing the K-maps are shown in Fig. 10.34(b). From the excitation table it is seen 
that, J ( = K ] = 1, because all the entries for J, and K, are either a 1 or an X. 



Fig. 10.34 
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k 2 = q. 


(b) K-mapb 

Three-bit up-counter (Example 10 . 6 ). 
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i ij-j* * J VAMUUI 

arc shown in (able 10.4. 


Table 10.4 
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0 

1 

1 
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Qi Q' 
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1 
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0 
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Excitation table of a 3-bit down-counter (Example 10.6) 


__ NS 
q 3 q7~q, 


i 

0 

0 

0 

0 

1 

1 
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0 

0 

1 

1 

0 

0 

1 
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0 

1 

0 

1 

0 

1 

0 


1 

0 

0 

0 

X 

X 

X 

X 


Required excitation 


K- 


J* ^ 
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X 

X 

X 

1 

0 

0 

0 


1 

0 

X 

X 

1 

0 

X 

X 


X 

X 

1 

0 

X 

X 

1 

0 


J, K1 


1 

X 

1 

X 

1 

X 

1 

X 


X 

1 

X 

1 

X 

1 

X 
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The K-maps and the minimal expressions for excitations J 3 , K 3 , J 2 , and K, obtained by 
simplifying them are shown in Fig. 10.35(b). ' 



(a) State diagram 
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K 2 = Q, 


(b) K-maps 


Fig. 10.35 Three-bit down counter (Example 10.6). 


From the design equations of the up-counter and the down-counter we sec that, in both 
. cases J, = | and K, = 1. Therefore, for the up/down counter too, J| = 1 and K, -- 1. For 

tiie up-counter J, = K, = Q, and for the down-counter, J 2 = K 2 = Q ( . So, for the up down 

counter, J, = K, = (Q, * Up) + (Q, • Down). 

Similarly, for the up-counter, J, = K, = Q 2 Q„ and for (he down-counter, J, - K, 

" Q 2 Q [. So, for an up/down counter 
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,, = Kj = (Q, Q; • Up) + (Qi ' 0 2 ■ Down) 

I 1 m anri takinc M = 1 for the up-mode and M = 0 for the down- 
* equations, the design e q ua,io„s of an up/down counter are 

J, = K, = 1 

J. = K, - (Q, • Up) + (Q, • Down) = Q,M + Q,M_ 

j, = Ki = (Q, • Q: • Up) + (Q, ■ Qj ' Down > = Q ' Q > M + 

We , -that these equations are the same as the equations obtained by the d.rcct design 
of thTup/dot counter So. the eireui. wii, be the same as .ha, shown m F.g. .0,33. 

pvAMPLE 10 7 Desren a mod-6 counter using J-K FFs with separate logic circuitry for 
E s k innu. Construct timing diagrams and determine the duty cycle or the output 

rfthe most significant stage. Construct a state diagram to determine whether the counter 

is self-starting or not. 


Solution 


We know that the counting sequence for a mod-6 counter is 
and 000... It requires three FFs and has two invalid states, 
excitations corresponding to invalid slates are don’t cares 
excitation requirements are shown in Fig. 10.36. 


000 , 001 , 010 , Oil, 100 , 101 , 
110 and 111. The entries for 
The state diagram and the 
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(a) Excitation table 


(b) State diagram 


Fig. 10.36 Synchronous mod-6 counter using J-K flip-flops (Example 10.7). 


The Karnaugh maps for J 3 , K 3 , J 2 , K 2 , J h and K, in terms of Q 3 , Q 2 , and Qj, and the 
minimal expressions for excitations obtained from them are shown in Fig. 10.37. The logic 
diagram based on those minimal expressions is shown in Fig. 10.38. The timing diagram 
i shown in Fig. 10.39. The timing diagram should be studied carefully to verify how each 
waveform ensures that proper FI's change slates to produce the desired sequence. When 
constructing a timing diagram for a synchronous counter it is important to show' the 
waveforms that control the J and K inputs. For example, in this design it is necessary to 
tow Q Q which controls J 2 and Q 2 Q, which controls J 3 . We sec that the duty cycle of 
the most significant output is 27/67 ■ 1/3. Note also that the frequency of the output is 
one-sixth of the clock frequency as expected in a mod-6 counter. 
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Fig. 10.37 K-maps for excitations of synchronous mod-6 counter using J-K flip-flops 

(Example 10.7). K 



Fig. 10.38 Logic diagram of the synchronous mod-6 counter using J-K flip-flops 

(Example 10.7). 

For this counter, 110 and 111 are the invalid states. We can determine the counter's 
sequence when its initial present state is 110 or 111. Given each present state, we can 
determine the J and K inputs from the logic diagram. With these inputs applied to the 
counter, which is in the present state, we can determine each ot the next states of the 
counter. From Table 10.5 we sec that, if the present state (Q 5 Q 2 Qi> is HO, the excitations 
ar e J 3 = 0, K, » 0, J, = 0. K 2 = 0, J, = 1, and K, = 1. With these excitations the counter 

changes from 110 to 111. If the present state is 111, the excitations are J 3 = I, K 3 = 1, 
J 2 = 0, K 2 = 1, J = 1, and K, - I. With these excitations the counter changes from 111 


Table 10.5 Table to check for lock-out (Example 10.7) 
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k 



4 * _ 

_ ■ - * — L 

Fig. 10.39 Timing diagram for the mod-6 synchronous counter (Example 10.7). 

to 000. From the table, to check for lock-out, we see that the counter is self-starting 
because if the counter initially finds itself in state 111, it goes to 000 after one clock pulse 
and if the counter is initially in state 110 then it goes to 111 after one clock pulse and goes 

to 000 after two clock pulses. 

EXAMPLE 10,8 Design and implement a BCD counter using J-K FFs. Is the counter self¬ 
starting? 

Solution 

A BCD counter is nothing but a mod-10 counter. It requires four FFs. States 0000 through 
1001 are stable. After the tenth clock pulse, the counter resets. States 1010 through 111* 
are invalid. The excitation requirements are shown in Table 10.6. The K-maps for J 4 , 
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Jj, K 3 , *^ 2 * - 1 » ls.| based on the excitation tahlr> ..• * . . , . . . 

K mane u,m. m ■ r- . on e » an d the minimal expressions obtained 
from (nose is.-maps arc shown in Fie. 040 Thp j*» . , K , . . . 

b .*+u. me logic diagram based on those minimal! 


Table 10.6 Excitation requirements 
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J 4 = Q 3 QjQ, 


K* = Q, 


Jj - QjQ, 
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^■9-10.40 K-maps for excitations of the BCD counter using J K 


yQjQ, 

Q<0\ 00 01 11 10 
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k 3 = q 2 q, 


flip-flops (Example 10.8). 




























































































































































































































































































422 Fundamentals of Digital Circuits 

r nij .1 The state diagram an ^ check I° [ lock-out 

.-xpress.ons is Shown; m F^- w check for , ock . ou , shows that, if the counter funis 

are shown in Fig. 10 4- [o a vaHd state after one or two clock pulses anil 

itself in an inva,dS “^"j ‘ ‘ v Therefore, the counter is self-starting, 
then counts in the normal way. 



Fig. 10.41 Logic diagram of the synchronous BCD counter using J-K flip-flops 

(Example 10.8). 
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(a) Table to check for lock-out 



(b) State diagram 


Fig. 10.42 Synchronous BCD counter using J-K flip-flops (Example 10.8). 


EXAMPLE 10.9 Design a type T counter that goes through states 0, 3, 5, 6, 0,.... Is the 

counter self-starting? "V 

Solution 

This counter has only four stable states, but it requires three FFs, because it counts 101 
and 110. Three FFs can have 8 states, out of which 0, 3, 5, 6 are valid and 1 , 2, 4, 7 arc 
invalid. The state diagram and the excitation requirements of this counter are shown in 
Fig. 10.43. The K-maps for T 3 , T 2 , and T, in terms of Q-,, Q 2 , and Q, based on the 
excitation table, and the minimal expressions obtained from them arc also shown m 
Fig. 10.43. The logic diagram based on those minimal expressions is shown in Fig. 10 . 44 (a). 

The table to check for lock-out is shown in Fig. 10.44(b). We see that the counter is 
not self-starting. It suffers from the problem of lock-out. That is, initially if it enters an 
invalid state, it keeps on moving from one invalid state to another when clock pulses are 
applied and never returns to a valid state and, therefore, it serves no useful purpose. 
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PS 

Qj Q 2 Q, 

0 0 0 

0 1 1 
1 0 1 
1 1 0 
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Q> Qj Q, 
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i o 1 
i i o 

ooo 


Required^di^T 

T, 
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1 
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(a) Excitation table 




(b) State diagram 



(c) K-maps 


Fig. 10.43 T type, 0, 3, 5, 6, 0... counter (Example 10.9). 
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Fig. 10.44 


(a) Logic diagram (b) Table to check for lock-out 

T type counter that goes through states 0, 3. 5, 6, 0,...(Example 10.9). 


Elimination of lock-out. There are two methods to eliminate lock-out. 

First method. Obtain a reset pulse as shown in Fig. 10.45 such that, whenever the counter 
goes to an invalid state, it automatically resets to the initial state 000. 
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R - QjQjQ, + Q } Q 2 Q, + QAQ, + Q 3 Q 2 Q 1 

= Q 3 (Q 2 ® Q,)+ Q 3 (Qj® Qi) 

= Q 3 ® Q 2 ® Q, 


IUJ 


^'9- 10.45 Table for R, K-map, and the minimal expression 
Obtain this reset pulse from the counter already designed (taking the ex 
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424 Fundamentals of Digital C 'ircuits 

■ f Bi„ in44(a) is therefore, modified as shown in Fig. 10.46. For active- 
r 0 ; T r R le counter comes out of fire invalid state without requiring another clock pulse. 



. . „ hnd Redesign the counter assuming that the counter goes to the starting state, 

i.e. 000 whenever it enters any the prescnt 

Je ,s an invahd one. The counter designed by this method cannot come out of the mvahd 
s ,e instantaneously. It requires one more clock pulse to let the counter come out of the 
- i n cntf The circuit is also more complicated because no don t cares are present. The 
Km»s“r' I TT based on the'excitation table and the minima, expressions 

obtained from them are shown in Fig. 10.47. A logic circuit may be realized usmg 
minimal expressions. 
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(a) Excitation table 


(b) K-maps 


Fig. 10.47 Excitation table and K-maps (Example 10.9). 

EXAMPLE 10.10 Design a type D counter that goes through states 0, 1, 2, 4, 0,... The 
undesired unused) states must always go to zero (000) on the next clock pulse. 

Solution 

This counter has only four stable states, but it requires three FFs because it counts 100 as 
well. Three FFs can have eight states, so, four of them are invalid. Since the counter must 
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(a) Excitation table 


Fig. 10.48 Excitation table and state 



(a) State diagram 

diagram (Example 10.10). 


Frum the excitation table we can see that no minimization is possible. The expressions 
for excitations are 


D 3 - Q3Q2Q1; = Q3Q2Q1; D, = QjQjQ, 

The logic diagram based on these expressions is shown in Fig. 10.49. The counter is self¬ 
starting, i.c. it does not suffer from the problem 0 ; lock-out as may be seen from the state 

diagram. 



Pig. 10.49 Logic diagram of J-K type D counter that goes through states 0, 1,2, 4, 

0 ( ... (Example 10.10). 


EXAMPLE 10.11 Design a J-K counter that goes through states 3, 4, 6, 7, and 3... . Is 
the counter self-starting? Modify the circuit such that whenever it goes to an invalid state 

l[ comes back to state 3. 


Solution 


This counter requires three FFs. There are 
1X1 ill be don't cares. The state diagram 

F >g- 10.50. 


four invalid states. The corresponding excitations 
and the excitation requirements are shown in 
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Fig. 10.50 


(b) State diagram 

(a) Excitation table 

State diagram and excitation table of type J-K 
(Example 10.11). 

V K J and K, based on the excitation table and the minimal 
The K-maps tor K„ Kj, J„ i 105 i From the excitation table, J, - 

expressions obtained from them are sho - a i 0 r a X. The logic diagram 

&£isr- - * * “ 
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Ki = Q; 


K, ” Qi 


Fig. 10.51 K-maps for 

(Example 10.11). 


K. = Q Ji ~ ^2 

excitations of type 3, 4, 6, 7, 3.... counter using J-K flip-flops 



J 3 

_ L - 

tn 
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ff 3 

k 3 

Q 3 

1_ 



Fig. 10.52 


Logic diagram of the J-K counter that goes through states 3. 4, 6, 7, 3,.. 
(Example 10.11). 


Test for lock-out. The NS entries of Table 10.7 to check for lock-out show that there 
no problem of lock-out and the counter is self-starting, because any time it ® oe L. !nt ° tate 
invalid state, it comes out and goes into a useful state after one clock pulse. The s 

diagram of the counter is shown in Fig. 10.50b. 

To see that the counter goes to state 3(011) whenever it enters any of he invalid sta e ’ 
obtain an expression tor reset R or set S as shown in Fig. 10.53 and modify the circui 
accordingly such that the counter goes to 011 after the next clock pulse. 
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Table 10.7 


PS 


ble t Q check for lock-out (Example 10.11) 
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Since wc do not want the counter tn rpc^t nnn j • 

. , „ " >0 reset 10 000, and instead go to state Oil, we apply 

R to the clear terminal of FF, and to the nreset mrmin^c rcc . ^ 

modified circuit of Fig. 10.54. P nals of FF 2 and FF, as shown in the 


Fig. 10.53 
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ft — Q : Q, + Q 3 Q, 


Table and K-map for R of type J-K 3, 4, 6, 7, 3,... counter (Example 10.11). 



Fig. 10.54 Logic diagram of the J-K counter modified to go to state 3 from invalid 

states (Example 10.11). 


EXAMPLE 10.12 Compare f max of a 4-bit rippie counter with that of a 4-bit synchronous 
counter using J-K FFs. The for' each FF is 50 ns and the fa for each AND gate is 20 ns. 
^ hai needs to be done to convert these counters to mod-32? Determine / max for the mod 
^ r ‘pple and parallel counters. 

Solution 

(a) The total delay that must be allowed between the input clock pulses of a 
synchronous counter is equal to 
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Thus. W 2 50 + 20 = 70 ns 
— i43 MHZ 

, b ) A mod- 16 ripple counter uses 
counter is 


^(FF) + V» (ANr>) 

s. And so, the parallel counter has, 


max 


1/(70 ns) 


four FFs with Vi = 50 ns - ThUS> ,0r ll ’ C rippl ° 


f 


= 5 MHz 


/max (4 x 50) ns 


(c) A fifth FF must be added, ^nce - regardless of the number 

(d) Theof the synchronous "^The/,™ 0 f the 5-bit ripple counter will 

of FFs. Thus, its / m ax 1 
change to 

1 

•/"ax ” (5 x 50) ns 
- 4 MHz 


10.10 1C SYNCHRONOUS COUNTERS 
The 70LS163A synchronous 4-bit Binary counter 

The logic symbol of 74LS163A, an 1C synchronous bint^ counter ^show" in Fig 
The qualifying label CTR D1V 16 indicates a counter with 16 sta . 


10.55. 


Data inputs 



RCO 


Data outputs 

Fig. 10.55 Logic symbol of 74LS163A. 
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First the counter can be synchronously preset to any 4-bit b' 

proper levels to the data inputs. When a LOW i s a „„i a ,nar y_numbcr by applying the 
will assume the stale of the data inputs on the next dl[° '7 L ° AD in P ut - ,hc eounter 
the counter sequence to start with any 4-bit binary number 1 ” ' Th ' S ' ° f coutse - allows 
The aetive-LOW clear input CLR, synchronous! 
on the leading edge of the next clock pulse. The VUP a!/!?/!' tHe f ° Ur FFs in the counter 

inputs must both be HIGH for the counter to sequence* m the . enable in P uts - These 

least one is LOW, the counter is disabled. ruu gh its binary states. When at 

The ripple carry output RCO goes HIGH when th- m . 

sequence, 15 (1111). This output, in conjunction *1,^'"!^“ "" ta ' s,ate in ,he 

counters to be cascaded for higher count sequences Th- A A n mpUlS ' a!lows these 

input and output bits, respectively. _For example, If the mu.al Stale faitlte^nT ^ 

with, the LOW-level pulse on the CLR input causes all the outputs (O O O ’ lYn"! 

to go LOW. Next the LOW-level pulse on the LOAn in . ^ , Qa ’ Qo d Qd) 

da ,a inputs (D, C, B. and A) ,n,o the eounter. These da,a P “ap~he Q JK Z 

time of the first positive-going clock edee after the friTn • 

, . , , B s ailer tne LOAD input goes LOW This is th.* 

preset opcrat.on, in which the output Q D Q C Q B Q A is set to 1010 / ' 

I he counter now advances through binary counts 11, 12, 13,'°14, 15 on the next five 

postt've-gomg cloeL edges. It then recycles to 0, 1, 2, 3, and 4... on the following clock 

pulses. Both ENP and ENT inputs are HIGH during the count sequence. If the coun, ,s to 

be terminated on let us say 6, the ENP is made to go LOW, the count is inhibited and the 
counter remains in the binary 6 state. 


The 74LS160A Synchronous Decade Counter 

This device has the same inputs and outputs as the 74LS163A binary counter as shown in 
I ig. 10.56. It may be preset to any BCD count using the data inputs and a LOW on the 

Data inputs 


D C B A 



Fig. 10.56 Logic symbol of 74LS160A. 
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LOAD input. A LOU on the CLR will ksc. the counter. TV count'enable tap,utt ENP and 

Lv r „ Kuh hr* HIGH for the counter to advance through its sequence ei states in 
tMT musi hot v j n ijjg 74LS163A chip, the enable 

respense P°' cfl rrv-out {RCO: terminal count ot 1001) provide tor 

inputs in conjunction with the earr> out 

p-oc.'flHino -teveral decade counters. 

The "pm digram is the samp for .he following 74160-74163 senes counters: 


74160 

74161- 

74162 

74163 


Decade counter, asynchronous clear 
Binary counter, asynchronous clear 
-Decade counter, synchronous clear 
-Binary counter, synchronous c1l.it 


The 74190/70191 Series up/Down counters 

The -4190 is a decade up/down counter and the 74191 is a 4-bit binary up/down counter. 

The Din diagram is the same tor both. . -n 

Figure iO.57 shows the logic symbol for the 74190 1C decade up/down counter. The 

direction of the count is determined by the level of the up. down count (D/ U). When this 
input is HIGH, the counter counts down; and when it is LOW, the counter counts up. Also, 
this device can be preset to any desired BCD digit as determined by the states of the data 

inputs when the load input is LOW. <'.u 




Data inputs 
— ss _ 


D 


B 


\ 



Data outputs 

Fig. 10.57 Logic symbol of 74190/74191. 


The MAX-MIN output produces a HIGH pulse when the terminal count 9 (1001) is 
reached ;n the up mode or when the terminal count 0 (0000) is reached in the down mode. 

This MAX-MIN output, along with the ripple carry output (RCO) and the count enable 

input (CTEN), is used when cascading the counters. 
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The 74ALS560A/74ALS561A Counters 

The 74ALS560A/74ALS561A 4-bit svnehm™ 

series, but have considerably more versatility ^74^^^^ S ! mil * r t0 the 74160 74,63 
74ALS561A is a binary counter Qo J' /4j ^ LS5 f JA 1S a decade counter and the 

programmable, and both have enable and r L ' mennal lo <*-ahead carry, both are 

addition, both have 3-s.a,e 10 ^ d '"6- '» 

dinvnnuslv nr awnphmn i rmore ’ these counters can be cleared either 

synchronously or asynchronously a „d ca „ be load(;d sy nchronouslv or 

synchronously. The pm diagram is shown in Fin in sa 


s 
as 
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Fig. 10.58 Pin diagram of the 74ALS 560A/561A counter. 


Programmable Counters 

Most synchronous counters, available in 1C form, can be pre-loaded with a binary number 
in parallel form (as with parallel-in shift registers) prior to initiation o coun g ^ 

loading capability makes ,t possible to begin cou 9 ^ hro J us loading, the 

Sttch coun,ers are sald to be P r °g ra m niab e- ln 0 „ lhe FFs. Thus, loading 

m,,,al aote is loaded using direct SET and direC ' C ^ on J us |oading . the initial state is 
occurs irrespective of the clock, ln a counter wit y $ of the FFs . Sy nchronous 

"ailed on the occurrence of the clock edge, using jrcu j lrv connected to the J and 

oadmg generally requires the use of a rather c a (he noraia | counting sequence 

inputs, since these inputs are also needed which must be made 

n either case, the circuit will have a separate L _ eil h er synchronously or 

act ‘v e to achieve loading. Some circuits can be 
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KMichronously and have separate con.ro, inputs such as SLOAD and ALOAD, .o enab,e 
one type of loading or the other to take place. 


THE 74193 US 193/HC 193) COUNTER 


10.11 

. . . innut/outDut description for the 74193 counter. 

Figure 10.59 shows the logic >>”< ° “ presettable up/down counter with synchronous 
This counter can be describe as n-d-16 P- ^ 

counting, asynchronous preset an 


CP 0 


CP ; 
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MR 


74193 

MOD-16 UP/DOWN 
COUNTER 


Q3 Q2 Qi Q 0 
(a) Logic symbol 


MR PL CPy CP 0 


MODE 
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X 

X 

H 

* 

H 


X Asynch reset 

X Asynch preset 

H No change 

H Count up 

4** Count down 


(c) Mode select table 



Pin Names 


CP, 


Description 


CP, 


MR 


PL 


P 0 - p s 
Qn - Q- 


TC d 


TC 


u 


Count-up clock input 
(active rising edge) 

Count-down clock input 
(active rising edge) 

Asynchronous master reset input 
(active HIGH) 

Asynchronous parallel load input 
(active LOW) 

Parallel data inputs 

Flip-flop outputs 

Terminal count-down (borrow) output 
(active LOW) 

Terminal count-up (carry) output 
(active LOW) 


(b) Pin description table 


Fig. 10.59 The 74193 counter. 


Clock inputs CP y and CP D 

The counter will respond to the positive-going transitions at one of two clock inputs. The 
CP- is the count-up clock input. When pulses are applied to this input, the counter will 
increment (count up) on each PGT to a maximum count of 1111. Then it recycles to 0000 
an i starts all over. The CP D is the count-down clock input. When pulses are applied to this 
input the counter will decrement (count down) on each PGT to a minimum count of 0000; 
then st recycles to 1111 and starts all over. Thus, one clock input or the other will be used 
for counting while the other clock input is inactive (kept HIGH). 

Master Reset (MR) 


The master reset is an active-HIGH asynchronous input that resets the counter to the 0000 

slate. The MR is a DC RESET, and so, it will hold the counter at 0000 as long as MR 

1. It also overrides all other inputs. 


preset inputs 
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by momentarily pulsing the parallel inn °" ParaMel ^ inpUtS ^ 

preset that overrides the counting on • rom to LOW. This is an asynchronous 

MR input is in its active-HIGH state^ 11011 ^ w '" ^ ave n0 e ^ ect ’ however, if the 

count Outputs 


I lie current count is always present at the FR 
Q, the MSB. 


outputs Qj-Qo, where Q 0 is the LSB and 


Terminal Count Outputs 

I he terminal count outputs are used when two or more 74193s are connected as a multi¬ 
stage counter to produce a larger mod number. In the count-up mode, the TC L output of 
tic ovvei or er counter is connected to the CPy input of the next higher-order counter. In 

the count-down mode, the TC D output of the lower-order counter is connected to the CP D 
input of the next higher-order counter. 

The TC y is generated on the 74193 chip using the logic shown in Fig. 10.60a. Clearly, 

TCy will be LOW only when the counter is in the IIII state and CPy is LOW. Thus, TC L - 
will remain HIGH as the counter counts up from 0000 to 1110. On the next PGT of CPy, 

the count goes to 1111, but TCy does not go LOW until CPy returns LOW. The next PGT 

at CPy recycles the count to 0000 and also causes TCy to return HIGH. This PGT at CP L 
occurs when the counter recycles from 1111 to 0000, and can be used to clock a second 
74193 up-counter to its next higher count. 



CP 0 

Qj 

Q; 

Q, 

Qo 



Fig. 10.60 Logic for generating TCy and TC D . 



_ . ifiAOh It is normally HIGH and does not eo 

■ he TCp rs generated as shown in ' ' d C p is LOW. When the next 

■w until the counter has counted down to the OOOOstate D 

.arrens TCM to return HIGH. This PGT at TC„ 
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74193 wired as an up-countcr. The parallel data 
EXAMPLE 10.13 Figure 10.6 la s ows , e CP PL and MR input waveforms arc 

inputs are permanently connected as 10 L» m thc 0000 state, determine the 

shown in Fig. 10.61b. Assuming that the countc 

counter output waveforms. 

Solution -- be HlGH j ust prior to time 

Initially (a. .«), the coonwFF. are LOW. This causes ^ 0^ ^ , ,, t0 produce Q 
the input is pulsed LOW. "med' y makes . P0 T, but the counter cannot 

= 1 . Q: = 0 , Ql - 1. a that time. At times ,* «» ». - “ u " ,er 

respond to this because PL is still acu 
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(a) Logic diagram 
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L tft ty t 6 tg t, 0 

(b) Waveforms 

Fig. 10.61 The 74193 wired as an up-counter (Example 10.13). 
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counts up on each PGT at CPy. After the PGT at t y the counter is in the 1111 state, but 

TCyjloes not go LOW at t y When the next PGT occurs at / 7 , the counter recycles to 0000 
and TC y returns HIGH. 

The counter will count up in response to the PGTs at f 8 and t 9 . For the PGT at 

TCy has no effect because the MR goes HIGH prior to and remains active at / )0 . This 
will reset all FFs to 0 and override the CP y signal. 

EXAMPLE 10.14 Figure 10.62a shows the 74193 wired as a down-counter. The parallel 

data inputs are permanently wired as 0111, and the CP D and PI waveforms are shown in 
Fig. 10.62b. Assuming that the counter is initially in the 0000 state, determine the output 
waveforms. 
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(a) Logic diagram 




(b) Waveforms 


Fig. 10.62 The 74193 as a down-counter (Example 10.14). 
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Solution 

all the FF outputs arc LOW and CP D is LOW, These are the conditions that produce 
TC . ■ 0. Prior to f., the PL input is pulsed LOW. This immediately presets the counter 
to 0111 and therefore causes TCp to go HIGH. The PGT of CP D at will have no effect, 
since PL is still active. The counter will respond to the PGTs at /j ^ nnd counts dow n 
to 0000 at r 8 . The TC D does not go LOW until / 9 when CP D g oes LOW. At / 10 , the PGT 
of CP D causes the counter to recycle to 1111 and also drives TC Li back to HIGH. 

variable Mod Number using the 74193 counter 

Presettable counters can be easily designed for different mod numbers without the need for 
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(b) Waveforms 

Fig. 1 0.63 Trie 74193 wired as a mod-5 counter and its waveforms 
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additional logic circuitry. We will demonstrate this for the 74193 using the circuit of 

*k‘ 1 a ‘ CIC * c is used as a down-counter with its parallel load inputs 

permanently connected at 0101 (5 10 ). Note that the TC { > output is connected back to the 
PL input. 

We begin our analysis by assuming that the counter is counting down and is in the 0101 
state at time t Q , Refer to Fig. 10.63b for the counter waveforms. 

I he counter will decrement (count down) on the PGTs of CP U at /, to r 3 . At r 5 , the 

counter is in the 0000 state. When CP D goes LOW at / 6 , it drives TC 0 LOW. This 
immediately activates the PL input and presets the counter back to the 0101 state. Note that 

TC D stays LOW only for a short interval because, once the counter outputs go to 0101 in 
1 esponse to PL 0 . th e condition needed to keep TC [} — 0 is removed. Thus, there is only 
a narrow glitch at TC D . 

I he same sequence is repeated at f 7 to 1,2 and at equal intervals thereafter. If we 
examine the Q 2 waveform, wc can see that it goes through one complete cycle for every 
five cycles of CP D . For example, there are five clock cycles between the PGT of Q 2 at f 6 and 
the PGT of Q 2 at q 2 . Thus, the frequency of the Q 2 waveform is 1 /5th of the clock frequency. 

The frequency division ratio (5) is the same as the number applied to the parallel data 
inputs (0101 - 5). In fact, we can vary the irequency division ratio by changing the logic 
levels applied to the parallel data inputs. 

A variable-frequency-divider circuit can be easily implemented by connecting switches 
to the parallel data inputs of the circuit in Fig. 10.63. The switches can be set to a value 
equal to the desired frequency-division ratio. 

The 74192 Counter 

The 74192 is an up/down decade counter. Like the 74193, it is also a dual clock up/down 
counter with asynchronous parallel load, asynchronous overriding master reset, and internal 
terminal count logic which allows the counters to be cascaded without any additional logic. 
It can he reset, preset, and can count up or down. Also, like the 74193, it has tour M-S 
flip-flops plus steering, terminal count decoding, and preset logic. The operation of 74192 
is very much the same as that of 74193. The terminal count-up output is LOW while the 
up-clock input is LOW and the counter is in its highest state 9. Similarly, the terminal count¬ 
down output is LOW while the down-clock input is L> >W and the counter is in state 0. The 
logic equations for terminal counter arc: 

TCy = Qo Qt ■ O 2 * Qj * Cf V TC o = Qo • Qt * Q 2 • Q 3 * cp d 

10.12 SHIFT REGISTER COUNTERS 

One of the applications of shift registers is that they can be arranged to form several types 
of counters Shift register counters are obtained from serial-in, serial-out shift registers by 
providing feedback from the output of the last FF to the input of the first FF. These devices 
are called counters because they exhibit a specified sequence of states, he most widely 
used shift register counter is the ring counter (also called the basic ring counter or the 
simple ring counter) as well as the twisted ring counter (also called the Johnson counter 

or the switch-tail ring counter). 
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Ring counter 

ThU is the simplest shift register counter. The basic ring counter using D FFs is shown in 
Fi- 10 64 The realisation of this counter using J-K FFs is shown in Fig. 10.65. Its state 
diaeram and the sequence table are shown in Fig. 10.66. Its timing diagram is shown in 
|Q .pp s ar e arranged as in a normal shift register, i.c. the Q output of each, 

Joe is connected to the D input of the next stage, but the Q output of the last FF is 
connected back to the D input of the f.rst FF such that the array ol FFs is arranged in a 

ring and, therefore, the name ring counter. 



Fig. 10.64 Logic diagram of a 4-bit ring counter using D flip-flips. 



r ig. 10.65 Logic diagram of a 4-bit ring counter using J-K flip-flops. 
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Fig. 10.66 


(a) Sequence table 

Sequence table and state 


(b) State diagram 

diagram of a 4-bit ring counter. 
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Q; -1.1--— I. 

Q 3 ... k.. ...I-1.1-- 

q 4 ...1-.1-1.. 

Fig. 10.67 Timing diagram of a 4-bit ring counter. 


In most instances, only a single 1 is in the register and is made to circulate around the 
register as long as clock pulses are applied. Initially, the first FF is preset to a 1. So, the 
initial state is 1000, i.c. Q, = 1, Q 2 = 0, Q } = 0, and Q 4 = 0. After each clock pulse, the 
contents of the register arc shifted to the right by one bit and Q 4 is shifted to Q s . The 
sequence repeats after four clock pulses. The number of distinct states in the ring counter, 
i.e. the mod of the ring counter is equal to the number of FFs used in the counter. An 
N-bit ring counter can count only n bits whereas an //-bit ripple counter can count 2 bits. 
So, the ring counter is uneconomical compared to a ripple counter, but has the advantage 
of requiring no decoder, since we can read the count by simply noting which FF is set. 
Since it is entirely a synchronous operation and requires no gates external to FFs, it has the 

further advantage of being very fast. 


Twisted Ring Counter (Johnson Counter) 

This counter is obtained from a serial-in, serial-out shift register by providing a feedback 
from the inverted output of the last FF to the D input of the first FF. The Q output of each 

stage is connected to the D input of next stage but the Q output of the last stage is 
connected to the D input of first stage, therefore, the name twisted ring counter . This 

feedback arrangement produces a unique sequence of states. 

The lode diagram of a 4-bit Johnson counter using D FFs is shown in Fig. 10.68. The 

realization of the same using J-K FFs is shown in Fig. 10.69 The state diagram and the 
sequence table are shown in Fig. 10.70. The timing diagram of a Johnson counter is shown 

p- y 10 71 

Let initially all the FFs be reset, i.e. the state ot' the counter be 0000. After each clock 

Dulse the level of Q, is shifted to Q,. the level of Q : to Q_„ Q, to Q 4 and the level of Q 4 
re hi and the sequence given in Fig. 10.70a is obtained. Thts sequence IS repeated after 

every eight clock pulses. 
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Fig 10.68 Logic disgram of a 4-bit twisted ring counter using D flip-flops. 



Fig. 10.69 Logic diagram of a 4-bit twisted ring counter using J-K flip-flops. 
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(a) Sequence table 


(b) State diagram 


Fig. 10.70 Sequence table and state diagram of a twisted ring counter. 


An n FF Johnson counter can have 2 n unique states and can count up to 2 n pulse s- 

So. it is a mod-2n counter. It is more economical than the normal ring counter, but less 

economical than the ripple counter. It requires two input gates for decoding regardless of 

the size of the counter. Thus, it requires more decoding circuitry than that by the normal 

ring counter, but less than that by the ripple counter. It represents a middle ground between 
.ll ring counter and the ripple counter. 

By types of ring counters suffer from the problem of lock-out, i.e. if the counter finds 
in .n unused state, it will persist in moving from one unused state to another and will 

thk ^ -Ttu t0 3 USC ^ state ^' s difficulty can be corrected by adding a gate. With 
addition, if the counter finds itself initially in an unused state, then after a number of 
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CLK 


Q, 


Q* 


Q» 


Q*--1.|_ 

Fig. 10.71 Timing diagram of a 4-bit twisted ring counter. 

clock pulses, depending on the state, the counter will find its way to a used state and 
thereafter, follow the desired sequence. A Johnson counter designed to prevent lock-out is 
shown in fig. 10.72. A self-starting ring counter (whatever may be the initial state, a single 
! will eventually circulate) is shown in Fig. 10.73. 




Fig. 10.72 Logic diagram of a 4-bit Johnson counter designed to prevent lock-out. 



Fig. 10.73 Logic diagram of a seif-starting ring counter. 
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10.13 PULSE TRAIN GENERATORS 

Pulse trains (i.e. a particular repetitive series of pulses) arc required on many occasions. A 
pulse generator or sequence generator is a system which generates, in synchronism with a 
clock, a prescribed sequence of logic bits. Ihcse pulse trains oi sequences ol bits can be used 
to open valves, close gates, turn on lights, turn oli machines, or pcrlomn any ot a variety ol 
jobs. Pulse trains can be generated using either direct logic or indirect logic. In direct logic the 
output is taken directly from a FF, whereas in indirect logic, it is taken Irom a decoder gate. 

Direct Logic 


The output in direct logic is taken from a FF’s Q or Q lead; so, the FF is made to go to 
the state desired. The design procedure is: 

1. Inspect the pulse train given and decide the number of unique states and the 
minimum number of FFs required and list the entire sequence in terms of Is and 
Os. The list may begin anywhere in the train. 

2. Taking that these Is and Os will form the least significant bits of the state assign¬ 
ment, assign unique states to other FFs. If unique states are not possible witli the 
least number of FFs n, such that the number of states N < T\ increase the number of 
FFs by one or more to get the unique states. (This is the disadvantage of direct logic.) 

3. Design the counter as usual. The output is at the Q or Q lead of the LSB FF. 


EXAMPLE 10.15 Design a pulse train generator for the waveform shown below. 


Solution 


1 


0 


1 1 1 


1 


i be pulse train is first copied down as 01110111' 1 ..., and then an attempt is made to assign 
stales jsing n , i.e. two FFs, This does not result in four unique states. Thus, two FFs are 
not sufficient even though there are only four bits in the sequence. So, increase the number 
of FFs by one. i.e. use n + 1, or three FFs as shown in Fig. I0.74a. The state diagram 
is shown in Fig. 10.74b. The excitation requirements arc shown in Fig, 10.74c. 

”T he minimal expressions for excitations of the FFs obtained by drawing the K-maps 
based on the excitation table are: 


J3 Q2* Kj i; J2 QsQo K-2 — U J| = 1, k, = Q 3 . 

From the state diagram we sec that the sequence generator is self-starting. The logic 
diagram based on the minimal expressions is shown in Fig. 10.75. 

EXAMPLE 10.16 Design a direct logic circuit to generate the following pulse trains. 


(1) 
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1 


00000 



1 1 
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1 10 



( 2 ) 


1 0 
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FF states 
LSB 

0 0 

0 1 

1 1 

?1 

With 2 FFs 


FF states 

Decimal 

. LSB 


000 

0 

0 0 1 

1 

0 1 1 

3 

1 0 1 

5 


With 3 FFs 


(a) State assignment 



(bj State diagram 


PS NS 

Q » Q a q. qTq, q, 

000 001 

001 011 

011 101 

101 0 0 0 


Required excitation 

J 3 K 3 J; K; J, K, 

0 X 0 X i X 

0 X 1 X X 0 

1 X X 1 X 0 

XI 0 X X 1 


(c) Excitation table 


Fig. 10.74 Pulse train generator (Example 10.15). 



Solution 

m 

The period of each pulse train is six time frames. The sequences are therefore 6-bits long. 
As there are 6 states, the minimum number of FFs required is three. Try to assign the states 
assuming that pulse train (I) is to be available at Q output of FF, and pulse train (2) at the 
Q output of FF 2 . 

It is not possible to assign the states using only three FFs as seen from the state 
assignment table. So, try with four FFs. It is now possible to assign the states. The state 
assignment and the state diagram are shown in Fig. 10.76a and b, respectively. The 
excitation requirements are shown in Fig. 10.76c. 
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(a) State assignment 



(b) State diagram 


Required excitation 



(c) Excitation tabie 


Fig. 10.76 Multiple pulse train generator {Example 10.16). 


The design equations for the multiple pulse train generator using J-K FFs obtained by 
drawing the K-maps based on the excitation table and minimizing them are 


^4 ” Q2Q 1» 

k 4 = Q, 

J3 = Q2> 

k 3 = 1 

h = 1, 

k 2 = Qj 

^1 = Q4Qj> 

II 

uT 


The logic diagram of the multiple pulse generator based on these equations is shown 

in Fig. 10.77. 



Fig. 10.77 Logic diagram of the multiple pulse train generator (Example 10.16). 


indirect Logic 
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The block diagram of indirect logic is shown in Fie in 7ft r ♦- , , * - 

indirect logic, has the advantage that i„ 7 8 ' ’ &encrat,on of P ulsc tra,ns us,n 8 

nimhi*r of r ny counter ( n PP'e or synchronous) with the correct 

number ut stjits tdn Form the it- ir A i , , 

. j ■ ncrator - 11 ,s always assured that the number of FFs 

required, such that JV S 2”. The gates can be used to detect the proper states when 

a mus be ou putted. The same approach can be used for multiple outputs and multiple- 
output minimization can be used to reduce the logic. 



Fig. 10.78 Block diagram of indirect logic. 
EXAMPLE 10.17 Generate the following pulse train using indirect logic, 


1 


0 


t 1 


0 


1 


Solution 

The given sequence is 10110, We need five states to generate the above pulse train. So, 
any mod-5 counter can be used. For simplicity, we use a ripple counter. It goes through 
states 0, 1,2, 3, 4, and 0..., etc. The truth table and the K-map for output f are shown 
in Fig. 10.79. The logic diagram based on that value of f is shown in Fig. 10.80. While at 
state 0, it outputs a 1, i.e. the first bit of the sequence. While at state 1, it outputs a 0, i.e. 
the second bit of the sequence, and so on. States 5, 6, 7 are invalid, so the corresponding 

outputs are don't cares. 
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(a) Truth table 
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Output, f = Q 2 + QjQt 
(b) K-map 


Fig. 10.79 Pulse train generator (Example 10.17). 
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Fig. 10.80 

EXAMPLE 10.18 

waveforms. 


Logic diagram of the pulse train generator (Example 10.17). 

Design a pulse generator using indirect logic to produce the following 
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Solution 

The pulse trains to be generated are: (a) 10011000 and (b) 11 ill 100. These arc both eight bits 
long and therefore, a mod-8, i.e. a 3-bit ripple counter can be used. Let f, and f 2 be the 
outputs of the combinational circuits. The state assignment is shown in the truth table. \ he 
truth table and the K-maps for outputs f, and f 2 are shown in Fig. 10.81. The logic diagram 
based on the minimal expressions for f, and f 2 obtained from K-maps is shown in Fig. 10.82. 
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(a) Truth table 



f, — Q : Q, + Q.Q .Q, + ^3 

(b) K-maps 


Fig. 10.81 Truth table and K-maps for f, and f 2 (Example 10.18). 



Fig. it, 82 ,,,, diagram of the pulse train generator (Example 10.18). 
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ucwckmtors USING SHIFT REGISTERS 


Shift registers can be used to generate einni. ~ i * . 

fi>r miiltinln nnkr tralnc ... ° ' . " 8 c pulse trams. In general, they cannot be used 

for multiple pulse trams without being derailed cum . , / 

sequence generators. The length of a scauenee k a \ f . . . , F ! 

i a r . •, . , sequence is the number of bits in the seauencc before 

the pattern of bits repeats itself The sennenee 

. f w ‘ sequence length is analogous to the penod of a periodic 

analog waveform. In many applications the knom , u h ‘ . 

. * *. f , 3 uns » me len gth of the sequence is more important than 

the exact pattern of the repeated bits. Since the generator repeats the pattern over and over 

again, e sequence can e read in a number of ways depending on the starting point. If 

the sequence available at the complementary outputs of the FFs is read, a different pattern 
may be obtained. 

A shift register is quite restrictive in the sense that it cannot go from any one state to 
any other state of our choice. For example, it cannot go from 0110 to 0101 directly; it can 
only go to 0011 or 1100 upon receipt of the next clock pulse. So, the pulse train is first 
examined to sec if it can be generated by shifting. 

The basic structure of a sequence generator is shown in Fig. 10.83. Ffere n FFs are 
cascaded in the usual manner of a shift register. Type D FFs have been used and the clock 



(a) Logic diagram (h) Block diagram 


Fig. 10.83 Basic structure of a sequence generator. 

signal is applied to all FFs. It is similar to a shift register counter but the difference is that 
in a ring counter, only the output of the last FF is given as data input to the first FF, whereas 
in a sequence generator, the logic level of D t is determined not onlv b\ Q„ but also by the 

output of other FFs in the cascade. That is, 

D, = f(Qi> Q:> Q*> 

The prescribed sequence appears at the output of each of the FFs. Of course as we 
go from FF, to FF, etc. we find successive delays by one clock interval. In order to build 

a sequence generator capable of generating a sequence of length S it is necessary to use 

i , . .. g < 7" _ i if the order o is and Os in the 

at least n FFs, where n satisfies the condition & ^ - *■ luc , , . .... 

*i j n, it nnt he possible to generate a length S tn which the 

sequence is prescribed, generally it will not tn. podium, w & ■ t , , 

. ,, nn the other hand, or any n, there is at least one 

minimum number of FFs is used. On me omu im»u, / 
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scq. cno.' for which the sequence length S is a maximum, i.e. 2"- I. The design procedure 

iS %: ,T: n formation of the waveform (or the sequence of bits, if given), decide the 
, r ° m f *' ; ' lire A f or pulse generation. The minimum number 0 ‘ FFs required for N 
number of s rcq^ ^ < 2 " Convert the waveform to Is and Os. Write the bits in vertical 

ta-er FornTgioups of » bits starting from the top bit and convert them to state numbers 
' ... n ,, n m0 vmg down one bit at a time. The procedure is repeated until the cycle is 
, t-i if entire period of the train can be examined without repeating a state, the 
Tcln be done by TfB. If -here is a repetition of states, try (n + I) FFs. If repeated 

states still occur, try (n + 2) FFs, and so on. 


EXAMPLE 10.19 Design a pulse train generator using a shift register to generate the 

following waveform 


0 


0 


1111 



Solution 

There are seven states. So, the minimum number of FFs required is three. Write the 
sequence 1011110 in vertical form and make groups of three bits starting from the top bit 

and write the states in decimal as shown in Fig. 10.84. 

In 3-bit groups, states 7 and 5 are repeated. So, we cannot get 7 unique states using 

three FFs. Next, make groups of four bits. The states are not repeated, i.e. 7 unique states 
can be obtained using four FFs. Make the truth table with the states of the register, and 
the output of the combinational circuit which is to be fed as input to the shift register. For 
each state corresponding to the particular group of four bits, the next lower bit in the 
vertical order represents the output of the combinational circuit. For the first state, i.e. 1011 
ill . ihc next lower bit in the column is 1. So, the output of the combinational circuit for 
that state will be a 1, For the next state, i.e. 0111 (7 j0 ), the next lower bit in the column 
ss !. So. the output of the combinational circuit for that state will be a 1, and so on. Form 
the truth table and the K-map for f—the output of the combinational circuit. The 
minimization of the K-map and the realization of the logic diagram based on the minimal 
expression obtained are both shown in Fig. 10.85. 

E\A V1PLE 10.20 Design a pulse generator using a shift register to generate the waveform 

shown below: 


0 


1 


1 1 1 


Solution 


1 


gr oi: pulse train is 1011)01. There are seven states. So, the minimum number of FFs 
require is three. Make groups of three bits and form the states as shown in Fig. 10.8 • 
s >cen from Fig, 10,86, it is not possible to generate seven unique states using three 

ur lour or even five FFs. So, the required number of FFs is six. The corresponding "‘ l,u 

table is shown in Fig. 10.87a. • 

-n.t.ial expression for f obtained by minimizing the K-map is 

f " Q& + Q5Q4 + Q 6 Q1 
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1 


1 


1 


1 


1 


11 


15 


14 


1 


13 


10 


1 


11 


Qa 


Q: 

Q, 

f 

1 

0 

1 

1 

1 

0 

1 

1 

1 

1 

1 

1 

1 

1 

0 

1 

1 

1 

0 

1 

1 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

1 


(a) For three FFs 


(b) For four FFs 


(c) Truth Table 


Fig. 10.84 State assignment for the pulse train generator {Example 10.19). 



(a) K-map ( b > Lo 9 ic dia 9 ram 

Fig. 10.85 Pulse train generator (Example 10.19). 

The logic diagram of the pulse generator based on the minimal expression obtained is 
shown in Fig. 10.87b. 


Linear sequence Generator 

One of the disadvantages of using a shift register as a state generating device is that it 
seems very difficult to generate very many unique states. There is one type o eireui ca ed 
•he linear sequence generator that can generate 2’ - I unique states tor an ,-FF shift 
register. It will generate all states except the state number (decimal) 0. The sequence of 
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t 

0 




1 

1 


J 



7 



1 

0 

1 




1 

0 

1 



1 

1 




(a) For three FFs (b) For four FFs (c) For five FFs (d) For six FFs 

Fig. 10.86 Stale assignment for the pulse train generator (Example 10.20). 



Fig. 10.87 Pulse train generator (Example 10.20). 


'.utci of a 3-FF shift register as a sequence generator is shown in Fig. 10.88. It can 
generate a 7-bit linear sequence 01001 i 1. This is accomplished by exclusively ORing A an 
C outputs of the shift register and feeding this XOR output as input to flip-flop C. There 
is no guarantee that any other 7-bit sequence can be generated by this 3-bit shift register. 

x u7 h fn o XpreSS, ° nS f ° r feedback si 8 n als for particular lengths of FFs are shown » 

I able 10,8* 
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A 

8 

C 

Decimal 

A © C 

t 

1 

1 

7 

0 

1 

1 

0 

6 

1 

1 

0 

1 

5 

0 

0 

1 

0 

2 

0 

1 

0 

0 

4 

1 

0 

0 

1 

1 

t 

0 

1 

1 

3 

1 



(a) Sequence table 


(b) Logic diagram 


Table 10.8 Expressions for feedback signals for particular lengths of flip-hops 


Shift register 
length 

Expression for 
feedback 

Shift register 
length 

Expression for 
feedback 

1 

A 

11 

A © C 

2 

A © B 

12 

A © B © C © K 

3 

A © C 

13 

A © B © C © M 

4 

A © B 

14 

A © B © C © M 

5 

A © C 

15 

A © B 

6 

A © B 

16 

A © C © D © F 

7 

A ffi B 

17 

A © D 

8 

A © E © F © G 

18 

A © H 

9 

A © E 

19 

A © B © C © F 

10 

A © D 

20 

A © D 


A linear sequence can be modified to reduce the numbei of states to any size b\ using 
the following rules: 

1. Knowing the number of desired states, A, find the smallest number of FFs, n, 
needed for that number of states, such that N S 2 , 

2. Draw the state diagram for a linear sequence generator using n FFs. 

3. Examine all pairs of states separated by 2" - N - 2 states and locate that pair in 
which the smaller state number (decimal) is an even number and one less than the 

larger state number (decimal). 

4. Find the state number (decimal) that precedes the smaller state number of the above 
pair. Draw an arrow from that state number to the larger state number of the pair. 
This modified state diagram will be the final state diagram of the sequence. 

EXAMPLE 10.21 Modify a 3-bit linear sequence generator to output 4 states. 


Solution 

It requires three FFs because .he state number 0 is not permitted So. draw a state diagram 
for a 3-bit linear sequence generator (Fig. 10.89c) and locate that pa.r of state numbers. 









































































































































45 2 Fundamentals of Digital C 'ircuits 


tdbv2"-jV-2 = 8- 4- 2 = 2 states, in which the smaller state number (decimal) 
pair is even and one less than the larger state number (decimal). 


Inputs 

Output 

A 

B C 

f 

1 

1 

1 

0 

1 

1 

0 

1 

1 

0 

1 

1 

0 

1 

1 

1 



f = A + B + C = ABC 
(b) K-map 



(c) State diagram 


(a) Truth table 

Fig. 10.89 Modification of the linear sequence generator (Example 10.21). 


The following pairs of state numbers separated by two states in between are examined to 
find the difference between their decimal values. 

States 7-2 differ by more than I. j j M 

States 6-4 differ by more than I. t.tg 

States 5-1 differ by more than 1. 

States 2-3 differ by 1. So, this pair fits. 

Draw an arrow from the state before 2, that is state 5 to state 3. The required states 
are therefore. 7->6->5->3. The truth table is shown in Fig. 10.89a. The K-map and its 
minimization are shown in Fig. 10.89b. The value of f, i.e. the output of the combinational 
circuit for each state is taken as the next lower bit in the sequence as shown below. 


1 

1 

1 

0 

1 

1 

1 



5 


3 


The modified logic diagram based on the value of f is shown in Fig. 10.90. 



g 10.90 Modify 3-bit linear sequence generator (Example 10.21)- 
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10.15 CASCADING OF SYNCHRONOUS COUNTERS 

Wc have talked about cascading of ripple count*™ , 

of the last stage of one counter drives the input oflT' ° cascaded counler s, the output 

When operating synchronous counted i T ascadeVc^f^f , - 
usc the count enable and the terrmna, count 

and terminal count (TC) is analogous to lole^^ ” T” ^ “* Mion - 

k Ub 10 n PP ,e clock or npple carry out (RCO) on some 
IC counters. ’ 

Figure 10 911 shows a mod-10 counter and a mod-8 counter connected in cascade. The 
terminal count (TC) output of counter 1 is connected to the count enable (CTEN) input of 



Fig. 10.91 Mod-80 cascaded counter using mod-10 and mod-8 counters. 


counter 2, The counter 2 is inhibited by the LOW on its CTEN input until counter I reaches 
its last or terminal state when its terminal count output goes HIGH. This HIGH now enables 
counter 2, so that when the first clock pulse alter counter 1 reaches its last or terminal 
count (CLK10) is applied, counter 2 goes from its initial state to its second state. Upon 
completion of the entire second cycle of counter l (when counter 1 reaches TC the second 
time), counter 2 is again enabled and advances to its next state. This sequence continues. 
Since the first one is a decade counter, it must go through 10 complete cycles before 
counter 2 completes its first cycle, in other words, for every 10 cycles of counter 

counter 2 goes through one cycle. Since the second counter is a mo counter, it wt 

. . OA , „„i CAC rup overall modulus ot these two cascaded 

complete one cycle only after 80 clock pulses, me ovenm 

counters is 


10 x 8 = SO 


Figure 10.92 illustrates how to obtain a 

counters. 

EXAMPLE 10.22 Draw the logic diagram 
waveform from a 1 MHz clock. 


1 11 / 



ignal from a 1 MHz signal using decade 
74LS160A counters to obtain a 10 kHz 
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olOO kHz 


o 10 kHz 


0 1 kHz 


o 100 Hz 


9 10 Hz 


HIGH 


CLK 
1 MHz 


CTEN TC-*- CTEN TC 
CTR DIVIO CTR DIVIO 


>C 


■>C 


CTEN TC -*■ 
CTR DIV 10 


r - >C 


CTEN TC 

CTR DIV 10 
t>C 


CTEN TC-*-CTEN TC 


CTR DIV 10 
>C 


CTR DIV 10 

V>C 


Fig 10.92 logic diagram to obtain a 1 Hz signal from a 1 MHz signal using decade 

counters. 


Solution 

To obtain a 10 kHz waveform from a 1 MHz clock, a division factor of 100 is required. 
Two 74LS160A counters must be cascaded as shown in Fig. 10.93. The left counter 
produces an RCO pulse for every 10 clock pulses. The right counter produces an RCO 

pulse for every 100 clock pulses. 



Cascaded sc Counters with Truncated Sequences 

, era *l modulus (divide-by-factor) is the product of the individual moduli of all the 

reuuires thTth^ * Called ^ ««*«*« cascading. Often an application 

Tscadinl Th , OVCral ' modulus bc ** *an that which can be achieved by full modulus 
counters' S ’ Whe " J truncaled sequence must be implemented with cascaded 

Figure 10.94 shows how to use three 741 i \ i uu * i n 

truncated sequence. If these tW ™ V 74LS , 161A 4_blt bin »ry counters to implement a 

the modulus would be 2 n = 4096 ” ** W ° rk Cascaded in a ful1 modulus arrangement, 

2992| e, The ."J*? 2 divide-by-2992 counter (mod- 

inust be deleted from the full m . , 2 is 1104, which is the number ol slates that 

the lull modulus sequence. The technique used in the circuit of 
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Fig. 10.94 A divide-by-2992 counter using 741S161A 4-bit binary counters 


Fig. 10.94 is to preset the cascaded counter to II04 10 (450, 6 ) each time it recycles, so 

that it counts from 1104 to 4096 on each full cycle. Therefore, each full cycle of the 
counter consists of 2992 states. 

Notice that the RCO output of the rightmost counter is inverted and applied to the 

LOAD input of each 4-bit counter. Each time the count reaches its terminal value of 4096, 
RCO goes HIGH and causes the number on the data inputs (450, 6 ) to be preset into the 
counter. Thus, there is one RCO pulse from the rightmost 4-bit counter for every 2992 
clock pulses. With this technique, any modulus can be achieved by simply presetting the 
counter to the appropriate initial state on completion of each cycle. 


Counter Applications 


Digital clock 

One of the most common applications of counters is the digital clock—a time clock which 
displays the time of the day in hours, minutes and sometimes seconds. In order to construct 
an accurate digital clock, a very closely controlled basic clock frequency is required. For 
battery operated digital clocks (or watches) the basic frequency is normally obtained from 
a quartz crystal oscillator. Digital clocks operated from the ac power line can use the 50 Hz 
power frequency as the basic clock frequency. In either case, the basic frequency is divided 
down to a frequency of 1 Hz or one pulse per second. Figure 10.95 shows the basic block 

diagram for a digital clock operating from 50 Hz. 

The 50 Hz signal is sent through a shaping circuit to produce square pulses at the rate 
of 50 pps. The 50 pps waveform is fed into a mod-50 counter which is used to divide the 
50 pps down to I pps. The 1 pps signal is fed into the SECONDS section, which is used 
to count and display seconds from 0 to 59. The BCD counter advances one count per 
second. After 9 seconds the BCD counter recycles to 0, which triggers the mod-6 counter 
a «d causes it to advance one count. This continues for 59 seconds at which point the mod- 
b counter is at the 101(5) count and the BCD counter is at the 1001(9) count, so that he 
display reads 59 s. The next pulse recycles the BCD counter to 0, which >n turn, recycles 

the mod-6 counter to 0. ~ ~ , 

The output of the mod-6 eoun.er in the SECONDS section has . frequency _ofone pulse 

l»r minute (the mod-6 recycles every 60 s). This signal is fed to the MINUTES section. 





































































































































DIVIDE BY 50 




Fig. 10.95 Simplified logic diagram of a 12-hour digital clock. 




Counters 457 

whi ? h disp ' ays ™ nu,,;s from 0 through 59. The MINUTES sect,on is identical 

to the SECONDS section and operates in exactly the same manner 

The output of the mod-6 counter in the MINUTES section has a frequency of one pulse 
per hour (the mod-6 recycles every 60 min). This signal is fed to the HOURS section which 
counts and displays hours Irom I through 12. The HOURS section is different from the 
SECONDS and MINUTES section in that i, never goes to the 0 state. FtgureTo.^Thows 







To tens of hours display 


To units of hours display 
Fig. 10.96 Logic diagram for the hours counter and decoder. 

die detailed circuitry in the HOURS section. It includes a BCD counter to count units of 

hours, and a single FF (mod-2) to count tens ol hours, onst cr l .f ! Z. decade 
decade- counter and the FE are RESET and the decode-12 gate output HIGH. The dt “ de 
counter advances from 0 to 9, and as it recycles from 9 back to 0 the FF ^ “88 led t0 

•he SET state by the HIGH-.o-LOW transition of Q„- T h,s,num,at«alo.hetc^-o6 
hours display. The lotal count is now I0,„ (the decade counter ts tn the 0 

is SET). 1 2. the 0 H output of the 

Next, the total count advances to U^ the ,^ d ecode sate output is LOW. This 
docadc counter is HIGH, the FF ts stt l SET. and thus the d ^8 the decade counter 

actuates the LOAD input ot the decade counts = 0. K = I). This logic always 

,s Preset to state 1 by the data inputs, and the FF . ’ « 

causes the counter to recycle from 12 back to 1 rat er .tn 
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parallel-to-Serial Data conversions 

-imnlhineouslv on parallel lines is called parallel data. A group 
A group of bits appearing > _ . sequence is called serial data . Parallel-to-serial 

of bits appearing on a single it . ' unter provide a binary sequence for the data 

"ou* 'ZTZ XTr/mlplexcr a S illustrated in Fig. 10.97. The Q outputs of the 


Data in 



Data out 


Fig. 10.97 Logic diagram of a parallel-to-serial converter. 

mod-8 counter are connected to the data select inputs of an 8-bit multiplexer. The first 'by*® 
of parallel data is applied to the multiplexer inputs. As the counter goes through a bin ry 
sequence from 0 to 7, each bit, beginning with Dq, is sequentially selected an p 
through the multiplexer to the output line. After eight clock pulses, the input data ^ c 
been converted to a serial format and sent out on the transmission line. When t e court 
recycles back to 0, the next byte is applied to the data inputs and is sequentially conve 
to serial form as the counter cycles through its eight states. I his process contmu 
repeatedly to convert each parallel byte to a serial byte. 


Frequency counter L 

A frequency counter is a circuit that can measure and display the frequency oi a signal, 
simplified form for constructing a frequency counter is shown in Fig. 10.98a. It contai ’ 
a counter with its associated decoder/display circuitry and an AND gate. The AND £ a _ 
nputs include the pulses of an unknown frequency/, and a SAMPLE pulse that contr 
li'jiv long the unknown pulses are allowed to pass through the AND gate into the oount 
Tie comiter is usually made up of cascaded BCD counters. A decoder/display unit conv 
ih>. BCD outputs into a decimal display for easy monitoring. a t 

The waveforms in Fig. 10.98b show that a CLEAR pulse is applied to the countcr hc 
h, to start the counter at zero. Prior to /„ the sample pulse waveform is LOW and, s | > * ,j 
"D output Z is LOW and the counter will not be counting. The sample pulse goes 
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from /, to f-., This is called the sampling interval. During this sampling interval, the pulses 
of unknown frequency will pass through the AND gate and get counted by the counter. 
After / 2 , the AND output returns LOW and the counter stops counting. Thus, the countcr 
counts the number of pulses that occur during the sampling interval, and the resulting 

contents of the counter exhibit the frequency of the pulse waveform. 

The accuracy of this method depends almost entirely on the duration of the sampling 

interval, which must be accurately controlled. 


Complete frequency counter 

Figure 10.99a shows a complete frequeney countcr circuit. The circuit contains a one-shot 

and a J-K FF operating in the toggle mode, in addition to the^counter, ^ ' onc 

an AND gate of the simplified circuit discussed above. The AND ga c _ , 

of which is the FF output, X. The sample pulses are connected to the AND gate and also 

to the CLK input of the FF. initially. Since X 

Figure 10.99 b shows the ^^“^/^ND gate is disabled. So. the output of the 
IS connected to one input of the AND gate j COU nter even when the first 

AND gate is LOW and. therefore no pulses are of thc first samplc 

sample pulse occurs between r, and t v At *- L y triaeers the monostable 

pulse toggles the FF to the HIGH state. and the counter 

multivibrator, which generates a narrow posi p . h amd uate is enabled 

displays 0. A. the positive-going edge of the second sample ^ counter 

(since X is now a 1) and allows the unknou ^ toggles because of thc negative 

antil t 4 . At the end of the second sample P u se & *■' lQW and disables the AND gate, 
edge of the sample pulse. So, the „ ple pu i se does not enable the AND gate 

1 herefore, the counter stops counting. The th P P (j e from , 4 to r 6 ). the counter 

because X is LOW. So. till the end of the next sa P nega tive-going edge of the third 
bolds and displays the count that it had reache a 4- oes HIGH and the operation 

sample pulse (i.e. a. , t ). the FF mggles and tts output ^ go, ^ 
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Pig. 10.99 Frequency counter. 

co r rou,pu,s ' 0,6 disp,ay win sh ^«* 

■O d«eL„ £ the e x “ pt a ^ *** 

can be solved by inserting a buffe^register between h Samp C mtcrva,s - Th >'' problem 
unit. 8 ten the counter and the decoder/display 


SUMMARY 


a, IZr FFS WhOSC — in response to pu.ses a 
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C ounters may be asynchronous counters or svnel.r,,,, 

^ynciironous counters 

Asynchronous counters are also called ripple counters 

I„ asynchronous counters, all the FFs do not chance «*„. , , 

serial counters, ^ simullancously. They are 

In synchronous counters, all the FFs chance slate. 

counters. taneously. They arc parallel 


starting state is called the modulus of the'ecumcr' ^ * 

coumcrs^siich if F??„ ° f f individual m ° du « ° f ^ cascade 

counters, such cascading is called full modulus cascading. 

The LSU of any counter is the bit that changes most often. 

A mod-M and a mod-N counter in cascade give a mod-MN counter 

In asynchronous coumers if the clock frequency is very high owing to accumulate 
of propagation delay, skipping of states may occur. 


• In synchronous counters, the propagation delays of individuals FFs do not add 
together. 

• Synchronous counters have the advantages of high speed and less severe decoding 
problems but the disadvantage of more circuitry than that of asynchronous counters. 

• A counter is said to suffer from the problem of lock-out or is said to be of not self¬ 
starting type, if it keeps going from one invalid state to another invalid state alter 
successive clock pulses and never returns to a normal state. 

• Shortened modulus counters may suffer from the problem of lock-out. 

• A counter is said to be of self-starting type, if it returns to a valid state and counts 

normally after one or more clock pulses, even if it enters an invalid state. 

• A shift register is quite restrictive in the sense that it cannot go from any one state 

to any other state of our choice. 

• Shift registers can be arranged as counters or sequence generators. 

• A ring counter is also called a basic ring counter or a simple ring counter. 

• A twisted ring counter is also called a Johnson counter or a switch-tail ring counter. 

• A synchronous counter in which the output of one counter drives the clock input of 

another counter is called a hybrid counter. 

• Pulse trains can be generated using either direct logic or indirect logic or '.hift 

registers. 

• In direct logic, the output is taken directly from a FF, whereas in indirect logic it i> 
taken from a decoder gate. 

• Generation of pulse trains using indirect logic has the advantage that any counter 
(ripple or synchronous) with the correct number of states can form the generator 
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3. 

4. 

5. 


6 . 

7. 

8 . 

9. 



11 . 

12 . 


QUESTIONS 


What do you mean by the following? 
(a) Counter 

(c) Asynchronous counter 
(e) BCD counter 
(g) Up/down counter 
(i) Parallel counter 


(b) Ripple counter 
(d) Synchronous counter 
(f) Decade counter 
(h) Serial counter 


Explain the following terms: 

(a) Modulus of a counter (b) Maximum modulus 

(ei Truncated sequence (d) Presetting a counter 

(e) Resetting a counter (0 Enable inputs of a counter 

What is the terminal count of a 4-bit binary counter in the up-mode? In the down¬ 
mode' 1 What is the next state after the terminal count in the up-mode? In the down¬ 
mode? . ,ij* .j\ >i'A 

A 4-bit up/down counter is in the down mode and in the 1 100 state. On the next clock 
pulse, to what state does the counter go? 

A binary counter is in the 1010 state, (a) What is its next state? (b) What condition 
must exist on each FF input to ensure that it goes to the proper next state on the clock 

pulse? . j: n * Wy 

How many decade counters are required to convert a clock of 10 MHz to 100 Hz? 

Four counters, mod-10, mod-10, mod-8 and mod-6, are connected in cascade. What 
is the modulus of the cascaded counter? 

What do you mean by full modulus cascading? 

With general block diagrams, show how each of the following counters can be 

obtained using a FF, a decade counter and a 4-bit binary counter or any combination 

of these? 


(a) Divide-by-40 counter 
(c) Divide-by-160 counter 
(e) Divide-by-10,( 00 counter 

What do you mean by the following? 

(a) Decoding a counter 
{c) Active-LOW decoding 

How are decoding glitches caused? 
What is strobing? 


(b) Divide-by-32 counter 
(d) Divide-by-320 counter 
(f) Dividc-by-1000 counter 

b) Decoding glitches 
(d) Active-HIGH decoding 
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16 . 

17. 


18. 

19. 

20 . 



22 . 

23. 

24. 

25. 

26. 

27. 

28 . 

29. 

30. 

31. 


What is the maximum modulus of a counter wnh each ofthc following number of flip- 
flops? 


(a) 2 
(d) 8 


(b) 5 
(e) 10 


(c) 6 


Determine the number of FFs in each of the following counters. 

(a) mod-3 (b) mod-X (c) mod-14 

(d) mod-20 (c) mod-32 (f) mod-150 

A 4-bit binary up/down counter is in the binary state of 0. What is its next state in 
the up-mode? In the down-mode? 

What are the invalid states in the decade counter. 1 In a mod-5 counter*^ 

With general block diagrams, show how to obtain the following frequencies from a 
| MHz clock using single flip-flops, mod-5 counters and decade counters. 

(a) 500 kHz (b) 250 kHz ( C ) 125 kHz 

(d) 40 kHz (e) 10 kHz (f) 1 kHz 


A 4-bit ripple counter consists of FFs each of which has a clock-to-Q propagation 
delay of 10 ns. How long will the counter take to recycle from 1111 to 0000 after the 
triggering edge of the clock pulse? 

What do you mean by 'dependency notation'? 

Assume that a 4-bit ripple counter is holding the count 0100. What will be the count 
after 29 clock pulses? 

What flip-flop outputs should be connected to a clearing NAND gate to form a mod- 
11 counter? 


All BCD counters are decade counters. Yes or No? 

What is the difference between the counting sequence ot an up-counter and a down- 
counter? 

Describe how an asynchronous down-counter circuit differs from an up-counter 
circuit. 

Explain why does a ripple counter's maximum frequency limitation decrease as more 
FFs are added to the counter? 

A certain J-K FF has /^ = 10 ns. What is the largest mod counter that can be 
constructed from these FFs and which still operate up to 10 MHz? 

What is the advantage of a synchronous counter over an asynchronous counter? What 
is its disadvantage? 

What do you mean by a pre-settable counter? 

Describe the difference between asynchronous and synchronous presetting. 

Describe some applications of counters. 

Draw the logic diagram and the timing diagm of a 3-bit bin^n^^ 
an d down-counter—using (i) positive-edge triggers 

FFs, 
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LOGIC FAMILIES 


11.1 INTRODUCTION 

Because of the advances in microelectronics, the digital IC technology in less than four 

decades has rapidly advanced from small scale integration (SSI), through medium scale 

integration (MSI), large scale integration (LSI), very large scale integration (VLSI), to ultra 

large scale integration (ULSI). The technology is now entering giant scale integration (GS1) 

m w iich millions of gate equivalent circuits are integrated on a single chip. The use of IC's 

has thus reduced the overall size of a digital system drastically. Consequently, the cost of 

digital systems has also reduced. The reliability has improved as well, because the number 

of external interconnections from one device to another has reduced. The power 

consumption of digital systems has also reduced greatly, because the miniature circuitry 
requires much less power. I 

ICs have certain limitations too. ICs cannot handle very large voltages or currents and 

also electrical devices like precision resistors, inductors, transformers, and large capacitors 

cannot be implemented on chips* So, ICs are principally used to perform low power circuit 

operations. The operations that require high power levels or devices that cannot be 
integrated are still handled by discrete components. 

hintT I 3 " US ' ng Vari0US technol °S ies such as TTL, ECL, and IIL which use 

sis ors, whereas the MOS and CMOS technologies use unipolar MOSFBTs. 

11*2 DIGITAL 1C SPECIFICATION TERMINOLOGY 

specified terns aredSlrf ^ 0 ^™'"°*°® ^ standardized - The most usefuI 

Threshold Voltage 

The threshold voltage is define! ™ m . i 

in the state of the output from one log™ level^'lhc'"^^?'^ 3 8310 Wh ' Ch CaUSCS * Cha " Se 

Propagation Delay 

A pulse through a gate takes a certain amount n f ■ 

his interval of time is known 0 ,mc 10 Propagate from input to output. 

aS the propagation delay of the gate. It is the average 

466 
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transition delay time expressed by 

, _ *PLH + f PHL 

2 - 

where / PLH is the signal delay time when the output goes from a logic 0 to a logic I state and 
6>HL is thc si S nal dela y time when *e output goes from a logic I tcTa logic 0 state (Fig. H.l). 



(b) Output pulse 

Fig. 11.1 Propagation delay in an inverter. 

Power Dissipation 

Every logic gate draws some cunent from the supply for its operation. The cunent drawn 
in HIGH state is diflcrcnt from that drawn in LOW state. The power dissipation, of a 
logic gate is the power required by the gate to operate with 50% duty cycle at a specified 

requency and is expressed in milliwatts. This means that I and 0 periods of the output are 
equal. The power dissipation of a gate is given by 

Fq - Fee x Arc( av sF w 

uhere I cc is the gate supply voltage, / cc (avg) is the average cunent drawn from the supply 
oy the entire IC and n is the number of gates in the IC. Now 

/cc(avg) = iccH±ZccL 

where / cnt is the current drawn by the IC when all the gates in the IC are in HIGH state, 

and / CCL is the current drawn by the IC when all thc gates in the IC are in LOW state. The 

ton! power consumed by an 1C is equal to the product of the power dissipated bv each sate 
and the number of gates in that IC. 

Fan-in 

The fan-tn ol a logic gate is defined as the number of inputs that the gate is designed to handle. 
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Fan-out 

The fanout (also called the loading factor) of a logic gate is defined as the maximum 
number of standard loads that the output of the gate can drive without impairing its normal 
operation. A standard load is usually specified as the amount of current needed by an input 
of' another gate of the same 1C family. If a gate is made to drive more than this number 
of gate inputs, the performance of the gate is not guaranteed. The gate may malfunction. 



(a) Current sourcing in HIGH state (b) Current sinking in LOW state 

Fig. 11.2 HIGH state and LOW state fan-outs for TTL 7400 NANO gate. 

Fan-out may be HIGH state fan-out, i.e. the fan-out of the gate when its output is a 
logic 1 or it may be LOW slate fan-output, i.c. the fan-out of the gate when its output is 
a logic 0. The smaller of these two numbers is taken as the actual fan-out. The fan-out of 
a gate affects the propagation delay time as well as saturation. The driving gate sinks current 
when it is in LOW state and sources current when it is in HIGH state. 


HIGH state fan-out = /qh (max) 

v. KK /ojj(max) is the maximum current that the driver gate can source when it is in a 1 
state and / lH is the current drawn by each driven gate from the driver gate. 

LOW state fan-out = / OL ^ rrtax ^ 

Al 

«here / JL { max) is the maximum current that the driver gate can sink when its output is 
a ogic * and / ]L is the current drawn from each driven gate by the driver gate. Figure 1 ! .2 
CpiCts thc currem sourcm 8 and current sinking actions for the TTL 7400 NAND gate. 

Voltage and Current Parameters 


The definitions of voltage and current levels 

are as follows: 


corresponding to thc 


logic 0 and logic 1 stales 


rirrrrr »***««»^ * 

accepted as a logic 1 by the logic circuit ‘ " y V ° bC ° W ,h ‘ S ' CVCl W ‘ M n °‘ ' 
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J OH (min) (HIGH level output voltage). It is the minimum voltage level required at the output 
of a gate for that output to be treated as a logic 1. Any voltage below this level wili not 
be accepted as a logic I output. 

\ (max) (LOW level input voltage). It is the maximum voltage level that can be treated as 
a logic 0 at thc input of the gate. Any voltage above this level will not be treated as a logic 
0 input by thc logic gate. 

*oi (max) (LOW level output voltage). It is the maximum voltage level that can be treated 
as a logic 0 at thc output of the gate. Any voltage above this level will not be treated as 
a logic 0 output, 

/„, (HIGH level input current). Thc current that flows into an input when a specified HIGH 
level voltage is applied to that input. 

V (LOW level input current). The current that flows into an input when a specified LOW 
level voltage is applied to that input. 

/ 0 ji (HIGH level output current). The current that flows from an output in a logic 1 state 
under specified load conditions. 

A>l (LOW level output current). The current that flows from an output in a logic 0 state 
under specified load conditions. 

Figure 11.3 illustrates the currents and voltages in the HIGH and LOW states. 



(a) HIGH state (b) LOW state 

Ftg. 11,3 Currents and voltages in the HIGH and LOW states. 


Noise Margin 

When the digital circuits operate in noisy environment the gates may malfunction if the noise 
is beyond certain limits. The noise immunity of a logic circuit refers to the circuit’s ability to 
tolerate noise voltages at its inputs. A quantitative measure of noise immunity is called noise 
margin. Unwanted spurious signals are called noise. Noise may be ae noise or dc noise. A 
drift in the voltage levels of signals is called dc noise. The ac noise is a random pulse caused 
by other switching signals. Noise margin is expressed in volts and represents the maximum 
noise signal that can be added to thc input signal of a digital circuit without causing an 
undesirable change in the circuit output. This is an important criterion for the selection of 
a logic family for certain applications where environment noise may be high. 

Figure II.4a shows the range of output voltages that can occur in a logic circuit. 
Voltages greater than f’ OH (min) are considered as a logic 1 and voltages lower than J' OL (max) 
are considered as a logic 0. Voltages in the disallowed range should not appear at a logic 



























































4 ' (I Fundamentals of Digital Circuits 


circuit output under normal conditions. Figure 11.4b shows the input voltage requ ire-men ts 
of a logic circuit. The logic circuit will respond to any input greater than F, H (min) as a logic 
and to any input lower than T n (max) as a logic 0. Voltages in the indeterminate range will 
produce an unpredictable response and should not be used, 


Voftage 



Fig. 11.4 DC noise margins. 


Noise margin may be High state noise margin or Low state noise margin 

High state noise margin (NM„) is, F NH = K 0H (min) - V m { min) 

Low state noise margin (NM L ) is, F NL = K IL (max) - F OL (max) 

High state noise margin is the difference between the lowest possible high output and 
the minimum input voltage required for a HIGH. Low state noise margin is the difference 
between the largest possible low output and the maximum input voltage for a LOW. 

Operating Temperatures 


Ho«cver Sa C h and H° ther “* ,em P cratl,rc sensi ‘i« being semiconductor devices. 

^e mn« s«cif ed for^o *° T ovcr a s P ecified »»*e of temperatures. 

, c g specified for commercial applications is 0 to ?0°C for industrial it ic 0 tn xs°r 

and for military applications it is - 55°C to 125°C. ‘nuustnal it is 0 to 85 C, 

Speed Power Product 

£ zt p z 7:2 zztsks** ,he ° veran or an K ^ 

the gate power dissipation.’ A low value of sDeed"" 1 ^ ltlp| y ,ng the gate propagation delay by 
the product, the better ,h. overaU ~ “ deSirabl<: - ™ e Sma " Cr 

energy and is expressed in picoioules It fo r Sp ^ Cd P ° Wer product has the units of 

IC family has an average propagation delay IC fami, y- Supposc an 

5 mW, the speed power product is S a ° d an avera S c power dissipation of 


10 ns x 5 mW = 50 x 10‘ 


12 


watt-seconds = 50 picojoules (pj) 


Logic Families 471 


11.3 LOGIC FAMILIES 

Many logic families have been developed. They are: Resistor Transistor Logic (RTLt Direct 
Coupled Transistor Logie (DCTL), Diode Transistor Logic (DTL), High Threshold Logic 
(IIIL), Tranststor ,ransistor Logic (TTL), Emitter Coupled Logie (ECU ImevraL 
Injection Logic (IIL), Metal-oxidc Semiconductor Logic (MOS). and Complementary Metal 
oxtdc Semiconductor Logic (CMOS). Out of these, RTL, DCTL DTL and hti ... 

ti . , . . . t , tLhdOS are currently in use. The basic 

function of any type of gate is always the same regardless of the circuit technology used The 

P; m Sui,able for , f Sl a " d MSI The MOS and CMOS are particularly suitable 

for LSI. The I lk 'S ma inly suitable for VLSI and ULSI. TheJiCL is mainly used in superfast 

com pute^ The logic families currently in use are compared in Table 11 1 in terms of thp 
commonly used specification parameters. 


Table 11.1 Comparison of logic families 


Logic family 


TTL 

ECL 

MOS 

CMOS 

IIL 


Propagation 
delay time (ns) 

9 

1 

50 

< 50 
1 


Power dissipation 
per gate (mW) 

Noise 
margin (V) 

Fan-in 

Fan-out 

Cost 

10 

0.4 

8 

10 

Low 

50 

0.25 

5 

10 

High 

0.1 

1.5 


10 

Low 

0.01 

5 

10 

50 

Low 

0.1 

0.35 

5 

8 

Very low 


11.4 TRANSISTOR TRANSISTOR LOGIC (TTL) 


The I TL or PL family is so named because of its dependence on transistors alone to perform 

basic logic operations. It is the most popular logic family. It is also the most widely used 

bipolar digital IC family. The TTL uses transistors operating in saturated mode. It is the fastest 

the saturated logic families. The basic T r L logic circuit is the NAND gate. Good speed. 

ow manufacturing cost, wide range of circuits, and the availability in SSI and MSI arc its 

merits. Tight V C( . tolerance, relatively high power consumption, moderate packing density. 

generation of noise spikes and susceptibility to power transients are its demerits. 

I he I FL logic family consists of several subfamilies or series such as: 

Standard I I L, High Speed TTL, Low power TTL, Schottkv TTL, Low power 

■ chottky I TL, Advanced Schottkv TTL, Advanced low power Schottkv TTL and 
F(fast)TTL. ‘ 


I Ik differences between the various \ IT subfamilies arc in their electrical characteristics 
such as delay time, power dissipation, switching speed, fan-out, fan-in, noise margin, etc. For 
st.mdoid TIL, propagation delay time = 9 ns, power dissipation per gate = 10 mW, noise 
margin = 0.4 mV, tan-in = 8, and fan-out = 10. 

For standard TTL, 0 V to 0.8 V is treated as a logic 0 and - V to 5 V is treated as a logic 
1. Signals in 0.8 V to 2 V range should not be applied as input as the corresponding response 
will be indeterminate. If a terminal is left open in TTL, it is equivalent to connecting it to 
•IFill, i.e. + 5 V. But such a practice is not recommended, since the floating TTL is extremely 
susceptible to picking up noise signals that can adversely affect the operation of the device. 
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Two-input ttl NAND Cate 

In the circuit of the two-input TTL NAND gate shown in f ig. 1.5 the input transistor O 
is a multiple emitter transistor. Transistor Q 2 is called the phase splitter. Transistor Q -w 
above’ Q 4 and, therefore, Q 3 and Q 4 make a totem pole arrangement. Diodes D, and n 
protect 0 ; from being damaged by the negative spikes of voltages at the inputs. Whe 2 
negative spikes appear at the input terminals, the diodes conduct and bypass the spikes t 
ground. Diode D ensures that Q, and O 4 do not conduct simultaneously. Transistor Q, acts 
as an emitter follower. 




Jf 1 l * K in i Hlts ' a,u * r ' ;!f, ‘ HKiII (+ 5 V), both the base-emitter junctions of 
iiinpl^r^r r\ • ° no current flows to the emitters of Q ( . However, the collector-b 

on Current / IS ^°’ a current flows through to the base of Q 2 , and Q ; tu 

a „ , L r o r " ,n , Q: , S Cm ‘ Ucr f1ows in, ° the base of Q 4 . So, Q 4 is turned on.‘ The collec 

□t the collector oITq! 1 Therefore 3 0* kOFI^T* ’* reduci " g V0#I 

So the outnut u - 1 * ■ n u „ ’ . s ^ ,nce Q 4 1S ( >N, V Q is at its low level {F CE ( sa 

IfotZTs ll T C '' hCr A ° r B or b0,h « LOW. «* corresponding base-enril 

*2 22 tit ,hc junc,ion of Qi is biascd - ! 

which cannot I;J! JfZ . c 1 * hC emU,OT of Of Therefore, the base of Q, is at 0.7 

“ocs no. get the required base' (Ej^sToTaller ^ “ OFF ' Wi * Q; 
because Q, is OFF i P dn ‘ * Q 4 ls also OFF. Transistor Q, gets enough base dri 

- .he 1: t ,hc “ r of £ M «*» 

- - 3.4-3.8 V, Which is a I„1 tltru , ' ou,|,ul volla B e - v o * >cc - V a - > , 

t ill level. So. the circuit acts as a two-input NAI" 





ground get charged 


shown 


Totem-pole Output 

In the circuit diagram of the two-input TTL NAND gate, transistor Q 3 sits above transistor 
Q 4 . As shown in Fig. 11.6, Q 3 and Q 4 are connected in \otem pole* fashion. At any time 
only one of them will be conducting. Both cannot be ON or OFF simultaneously. Diode D 


+ v cc ? 



-i 

Fig. 11.6 Totem-pole output. 






X14 






“ * » 4 * » * 


So, when Q 4 is ON, Q 2 has to be ON. Therefore, its collector-to-emitter voltage is / a (sat) 
0.3 V. Hence, I B3 - f C2 = 0.7 V + 0.3 V« 1 V, For Q 3 to be ON, its base-emitter junction . 
must be forward biased. When Q 4 is ON, D has to be ON for Q, to be ON simultaneously 


So, the base voltage of Q, must be V S} = l \ 




+ ^BE3 “.0 


0 3 + 0.- o 1.7 


, or at to be ON, Since is only I V when Q 4 is ON, Q* cannot be ON. Hence, if can 
>e concluded that Q 3 and Q 4 do not be conduct simultaneous!). 


Advantages of totem-pole 

1. Even though the circuit can work with Q 3 and D removed and R 4 connected 

directly to the collector of 0 4 , with Q, in the circuit, there is no current through 

R a in the output LOW state. So, the inclusion of Q 3 and D keeps the circuit power 
dissipation low. 
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In she output HIGH state, Q 3 acts as an emitter follower with its associated low 
output impedance. This low output impedance provides a small time constant for 
'ffijfrgmti up anv capacitive load on the output. This action is commonly referred 
to as active pull-up and it provides very fast rise time waveforms at TTL output 

Disadvantages of totem-pole 

1. During transition of the output from LOW to HIGH, Q 4 turns off more slowly than 
Q. turns on, and so, there is a period of a few nanoseconds during which both Q. 
and Q, are conducting and, therefore, relatively large currents will be drawn from 
the supply. So, TTL circuits suffer from internally generated current transients or 
current spikes because of the totem-pole connection. 

2. Totem-pole outputs cannot be wire ANDed, that is, the outputs of a number of 
gates cannot be tied together to obtain AND operation of those outputs. 

Current Sinking 

A TTL circuit acts as a current sink in LOW state (as shown in Fig. 11.7a), in that, it 
receives current from the input of the gate it is driving. Q 4 is the current-sinking transistor 
or the pull-down transistor, because it brings the output voltage down to its LOW state, 



(a) Current sinking 

Fig. 11,7 Current sinking 


(b) Current sourcing 

and current sourcing in a NAND gate. 


Current Sourcing 



* ri'jnrzis hi ™ s,a,e <as sh ° wn in pi e-" 7b >’ in ,h ‘ 

up because it pulk up the ou^volt,^ ° r thC PU ' 

TTL Loading and Fan-out 


The Til output has a limit / r 

a limit, Wmax), on how much mUCh currcnt ’* can sink in LOW state 

cunent .t can source in HIGH slate. To determine the 
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out, we should know the drive capabilities of the output, i.e. / 
the current requirements of each input, i.e. /„ and 

IL In" 


HIGH state fan-out : -Lli 


(max) and / OH (max) and 


Hi 


LOW state fan-out = 


IL 


I he smaller of these two numbers is the actual fan-out capability of the 

LOW state fan-out 


gate. 


Figure 11.8 shows a standard TTL output in LOW state connected to drive several standard 
TTL inputs. Transistor Q 4 is ON and is acting as a current sink for an amount of current 
/ OL , that is, the sum of the currents from each input. Jn its ON state, Q 4 ’s collector-emitter 
resistance is very small but not zero. So, the current will produce a voitaee droo V This 
voltage drop must not exceed the ^(max) limit of the IC This limits thf maxtmum vl^ 
ol f Ql and, thus, the number of loads that can be driven, that is, low state fan-out. 


+ 5 V 



Qj(OFF) 



+ 5 V 



LOW 

4 

rm_ 



r 


Q, 

Q,{ON) 

V 

4 



+ 5 V 


’ol 


+ 5 V 



Fig. 11.8 Circuit to calculate LOW state fan-out. 

Suppose, Q 4 can sink up to (6 mA before its output reaches F 0L (max) - 0.4 V. 
Suppose / JL = 1,6 mA. T his means~lhat Q 4 can sink the current from up to 16/1.6 * 10 
loads. If it is connected to more than 10 loads, F 01 increases above 0.4 V. and so, the noise 
margin is reduced and V 0L may even go to the indeterminate state. 

HIGH state fan-out 

^ lien the TTL output is in a HIGH state, Q, is acting as an emitter follower, that is, 
sourcing a total current / OH , which is the sum of the / iH currents of the different TTL inputs 
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ils s how n m Fig- 11.9. If too many loads are being driven, the current / OH will become large 
enough to cause a large voltage drop across /? 2 , to bring V 0H ( = V cc - - V BE2 - y^ 

below E OH (min). This is undesirable because it reduces the HIGH state noise margin and 
could even cause 4 )h to go into the indeterminate range. 



Fig. 11.9 Circuit to calculate HIGH state fan-out 


Suppose Q 3 can source 0.4 mA of current before 4>H falls below F OH (min), and each 
ioad receives /, H = 40 pA. This means Q } can source up to 0.4 rn A/40 p A -10 loads. 

Unit load 


Uni. loa- means the current drawn or sourced back by similar gates. For 7400, 

One unit load = 40 pA in HIGH state = / m (max) 

= 1.6 mA in LOW state = /|, (max) 

If the output of 7400 1C is rated at / OH (max) = 800 pA and / ni (max) = 48 mA, then 


HIGH state fan-out = ^n (max) = 800 = 


in 


40 pA 


20 unit loads 


LOW state fan-out = 


4 1.6 mA 


jo unu 




-inv uuuvt \ WU t l.u, u 

coniwted 1 Vite omput^Find^h* 16 ?40 ° N ' AND gate has 4c = + 5 V and a 5 
(b) when both the inputs are 0 y ° Ulput Vollagc (a) when both the inputs arc " 


the actual fan-out is equal to the smaller of the above two, i.c. 20 unit 

kQ 1 

+ 5 V 
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Solution 


V. Q 2 and Q 


When both the inputs are HIGH, i.c. + 5 ., 
saturation, its output is F CE (sat) = LOW - 0.3 V. 
When both the inputs arc LOW, i.e. 0 V, the 


4 are in saturation. When Q 4 is in 








4>h = 4c “ 4W - 4e( sat ) ~ F d 

* [5 - (/ OH x 130) - 0.1 - 0.7] V 
- (4.2 - 130/J V 


l he load current, / 0H = 


4h 

5kO 


1 licrefore. 


or 








V = 4.09 V 


EXAMPLE 11.2 In Fig. 11.5, what is the minimum value of the load resistance that can 
be used if the HIGH state output voltage is not be less than 3.5 V? 

Solution 

v oh = 3.5 V = P c e - 1 30 / oh - U CE (sat) - V D 
or 


I hcreforc. 


3.5 = (5 - 130/ OH - 0.1 - 0.7) V 
= (4.2 - I30/ oh ) V 






130x3.5 

0.7 


= 650 Q 


EXAMPLE 11.3 Determine the fan-out of the circuit of Fig. 11.10. Also, find its noise margin. 
Solution 

I lie given circuit is a standard T1! inverter. From the data sheets, / 0l (ma.\) = 16 mA and 
4('«ax) = 1.6 mA. Therefore, 


/ OL (max) _ 16 mA 
/,. (max) 1.6 mA 


Fan-out = 


10 
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+ v cc 



Fig. 11.10 Circuit for Example 11.3. 


When the output is LOW, Q 4 is in saturation. Therefore, 

Lql ~ LceCsat) = 0.3 V 

But L IL (max) = 0.8 V. Therefore, a 

Low level noise margin = V HL = L IL (max) - V OL = 0.8 V - 0.3 V - 0.5 V 

Another way of determining fan-out 

an_(mt iS united by the amount of current ( 4 can sink, when it is in saturation. Let 

, i.a , > - 0.4 V (the limiting value). Let /, be the current sunk from each load gate. 

Therefore. 


/ = Z 1 Bfc(sat) - fo L (niax) _ (5 - 0.75 - 0,4) V 


4kQ 


4 k Q 


~ 1 mA 


a) . ot the gate to sinK current while keeping Q 4 in saturation is severely lim 
„ V, rnTM° pi ; ra ‘ in , 8 ,Cmperature ' - 55 ° c - This is about 30 mA. So, fan-out can WO 
16 i„A L TV ' '° kce P ^ wdl below the 0.4 V limit, / 0L (max) is limite. 

^ should be less than 16 mA /I mA = 16. For safety, the f«n-« 
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The approximate fan-out may also be calculated as follows: 

Current drawn from each driven gate, /, = ——^ Hh 1 ~ max ) 

4kQ 


(5 - 0.75 - 0.4) V 
4 kQ 


~ i mA 


Calculate the collector current of Q 4 . In Fig. 11.10, 

j - ^CC ~ ^BF.4 ~ ^BE2 ~ ^BCI 

4 kfi 


(5 - 0.75 - 0.75 - 0.7) V 
4kO 


2.8 V 
4kQ 


0.7 mA 



0.7 V 
1 kQ 


0.7 mA 



^CC *B3 

1.6 kQ 


^CC *BE4 ^CE2 

1.6 kQ 


(5-0.7-0.3) V 
1.6 kQ 


4 V 
1.6 kQ 


2.5 mA 


Therefore, 

l M = l + f - f = (0.75 + 2.5 - 0.7) mA = 2.55 mA 

The transistor Q 4 is in saturation. Therefore, / C4 is also saturated. Let / C 4 be about 4 
to 5 times A>4 (worst case), i.e. about 10 to 15 mA. Hence, the fan-cut is equal to 10 (the 
worst case). 

11.5 OPEN-COLLECTOR CATES 

The 1 i'L gates may have totem-pole output or open-col lector output. In open-collector 
TTL, the output is at the collector of Q 4 with nothing connected to it, (i.e. pull-up transistor 
Q 3 and diode D of the totem-pole output are omitted», therefore, the name open collector. 
fhc open-collector inverter circuit is shown in Fig. 1 Lila. In order to get the proper HIGH 
and LOW logic levels out of the circuit, an external pull-up resistor is connected to L cc from 
the collector of Q 4 as shown in Fig. 11.1 lb. When Q 4 is OFF, the output is pulled to I cc 
through the external resistor R. When Q 4 is ON, the output is connected to near ground 
1 hrough the saturated transistor. The value of R must be so chosen that when one gate 
Output goes LOW while the others are HIGH, the sink current through the LOW output docs 
not exceed the /,,, (max) limit. Since the output is pulled to logic HIGH level through a 
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+ V, 


+ V, 


CC 


CC 




(a) Open-collector inverter 


{b) Open-collector inverter with the external resistor 




(c) ANSI/IEEE notation 

Fig. 11.11 Circuit diagram and logic symbol of open-collector inverter. 

resistor, it is called the passive pull-up. The open-collector arrangement is much slower than 
the totem-pole arrangement, because the time constant with which the load capacitan^ 
charges in this case is considerably larger. (In the case of totem-pole, it is active pull-up, 
i.e pull-up is through transistor Q 3 . The of Q 3 is very small; so, the charging time 
constant is low and the output rises fast.) The speed can be increased only a little bit by 
choosing a smaller resistance. For this reason, the open-collector circuits should not be used 
in applications where switching speed is a principal consideration. 

The traditional symbols for logic circuits with open-collector outputs are the same as 
tr c for totem-pole outputs, but the ANSI/IEEE symbology uses a distinctive notation to 
identif. open-collector outputs. Figure 11.11c shows the ANSI/IEEE designation for an 
open-collector output. It is an 'underlined diamond’. -,i 

Wired and Operation 

Sometimes the outputs of a number of NAND gates may have to be ANDed. This can be 
achiCved b l usin g two more NAND gates (4 and 5) as shown in Fig. 11.12a. The same 
■og . operation can be performed by simply tying the outputs of NAND gales 1, 2, and 3 
Sl n ^'8; 1!This is called wired AND operation, because the AND operation 
l!s l) ' v * a!ncd b > s,m P‘y connecting the output wires together. With this, when any of the gate 
outputs go ti, a LOW State, the common output point also goes LOW as a result of its 
, orting to ground through the ON transistor. The common output will be HIGH only when 

fewer JatM ° Ut ^ Uts are ' n a ^CrH state. This arrangement has the advantage of nee in 
LWCr gates com P ared ^ the conventional arrangement. 






I 






Logic Fam Hies 481 




wired AND 
O/P, X = AB • 


CD EF 


(a) Conventional AND operation 


(b) Wired AND operation 


Fig. 11.12 ANDing of TTL gates. 


The totem-pole outputs of gates cannot be wired ANDed, because when one output is 
HIGH and the other LOW and they are wired ANDed, a large current flows from supply 
to ground through Q 3 of the HIGH-statc gate and Q 4 of the LOW-state gate. This is because 
Qj of the LOW-state gate acts as a very low resistance load on Q, of the HIGH-state gate 
(see Fig. 11.13). This large current can easily damage any of these transistors. The situation 
is even worse when more than two TTL outputs are tied together. The open-collector gates, 
on the other hand, may be wired ANDed without any problem. 

Because of the absence of pull-up transistors, the wired-AND connections significantly 
reduce switching speeds. However, they are useful in reducing the chip count of a system 
when speed is not a consideration. 


* * m * 


GATE 1 


Fig. 11.13 



Current flow in totem-pole gates when wired ANDed. 
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Tri-state (3-state) TTL 

.. , _ , mtl , uration is the tri-state configuration. It utilizes the advantage of high 

The third TTL conffc t . configuration and wire ANDing of the open-collector 

speed c operation , h x m becausc it allows three poss.ble output states: 

configuration. It » _ (Hi-Z). In the Hi-Z state, both the transistors in the 

HIGH. LOW, and * that the output tenninal is a HIGH impedance to 

totem-pole an^gemen are Qpen or bating tenninal, that is, neither a LOW 

"T" mGH C In practice, the output terminal is not an exact open circuit, but has a 
* nf «*veral MO or more relative to ground and J C c* 
n* circuit of a tri-state inverter is shown in Fig l l.Ua The tri-sta.c operation is 
h , rf no »h«» hasic totem-pole circuit of Fig. 11.5. The circuit has two 

tapus-A is the «mai logic input and E is an enable input that can produce the Hi-Z. 


130 a 


Enable (E)o 



> 


Enable 
“ (E) 

(b) Traditional symbol 




Enable 

0 (E) 



Enable 

(E) 


(a) Circuit diagram 

Fig. 11.14 Tri-state TTL inverter, 


(c) ANSI/IEEE symbols 


The enabled state :t ^JH 

' • n “ L circuit operates as a normal inverter because the high voltage at E has no 

0l ’ or Q 2 ' n diis enabled condition, the output is simply the inversion ol logic input 

The disabled state (Hi-Z) 

t r\w ^ c ? C ' fCU ' t ^ oes ' nt0 ’* s Hi*Z state regardless of the state of logic input A. ^ 
c „ ^ >rward , ases the emitter base junction of Q, and shunts the current in R\ . 

m ^ 2 ’ s0 that » ^2 lums which in turn turns Q 4 off. The LOW at E also for 
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biases diode D, to shunt current away from the base of Q 3 , and therefore, also turns 
off. With both totem-pole transistors in the non-conducting state, the output terminal is 
essentially an rip'/ii circuit. 

There arc many ICs that arc designed with tri-state outputs. The advantage of the tri¬ 
state configuration is that the outputs of the tri-statc ICs can be connected together without 
sacrificing the switching speed. 

The traditional logic symbology has no special notation for tri-state outputs. Figure. 
II.14c shows the notation used in the ANSI/IEEE symbology to indicate a tri-state output. 
It is a ‘triangle that points downwards’. 

Buffer/Drivers 

Any logic circuit that is called a buffer , a driver, or a buffer/driver is designed to have a 
greater output current and/or voltage capability than that of an ordinary logic circuit. Buffer/ 
driver ICs are available with totem-pole outputs, open-collector outputs, or tri-state outputs. 
Some tri-state buffers also invert the signal as it goes through. They are called inverting tri¬ 
state buffers. 


11.6 TTL SUBFAMILIES 
Standard TTL, 74 Series 

The standard TTL ICs, i.e. 74 series, offer a combination of speed and power dissipation 
suited for many applications. The 54 series is the counterpart ot the 74 scies. They are 
functionally equivalent to the 74 series, but can be operated over wider temperature and 
voltage ranges, as required by military specifications. Several other TTL series discussed 
below have also been developed. The standard TTL is now rarely used in new systems. 


Low Power TTL, 74L Series 

The low power TTL circuits, designated as the 74L series, have essentially the same basic 
circuit as the standard 74 series, except that all resistance values are increased (/? t — 40 k£2, 
R 2 = 20 kLl, R, = 12 kQ. and R 4 = 500 H). The larger resistors reduce the current and, 
therefore, the power requirement, but at the expense of reduction in speed. The power 
consumption of low power TTL is about 1/10 of that of standard 1 TL, but the standard 
TTL is more than three times faster than the low power TTL. The low power version is 
now not available in 7400 scries. Low power Schottky TTL and CMOS versions of t c 

7400 scries are now widely used instead. 


High Speed ttl, 74H Series 

The high speed TTL circuits, designated as the 74H series, have essentially the same ^ 

circuit as ihc standard 74 series, except that smaller resistance values ( , ' 2 

760 Li, R, = 470 Li, and R 4 = 58 Li) are used and the emitter follower transistor Qj * 

replaced by a Darlington pair and emitter to base joining of Darlington pair (Ca Ojl ts 
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, , , 0 r#*vistance of 4 ka The switching speed of the 74H series 

connected to ground throug^ ^ (hat of the standard TTL, as also the power 

IS approximately two times ^ superior in both speed and power consumption, 

consumption. Newer bcnonKy vli. 


Schottky TTL, 74S series 


enuUKy • • fc, -- 

. TT! and hieh speed TTL series operate using saturated 
he standard TTL, low power ’ . exccss charge carriers will be stored in the base 

v itching. When a transist j ' . trans i st0 r can be turned off. So nu/imt 


Pitching. When a *ansi st <*'* Jf^eforeThe transistor can be turned off. So, owing n, 
: g ,on and they must be c The Schottky T tl 74S series reduces this storage 

lorage time delay, the spe . tQ g0 int0 full saturation. This is accomplished by 

me delay by not allowing L . between the base and the collector of each transistor. 
-8 a this so-called Schottky clamp. The SBD has 

mually, all modern TT ^icuits in the 74S series also use smaller resistance 

forward voltage of only °f V Q . n The speed of the 74S scries is twice that of the 

1h C s^s'Thoukv' TTLhas more than ‘three times the switchtng speed of standard TTL, 
uhec^nl- of approximately doubling the power consuntptton. Ftgure 11.15 shows the 

ircuit diaeram of a two-input Schottky TTL NAND gate. 



rig. 1" .15 Circuit diagram of a two-input Schottky TTL NAND gate. 


Low Power Schottky ttl, 74LS Series 

thc 

4LS senes ; a low-powered, slower-speed version of the 74S scries. It : eS< 
-c o . damped transistor, but with larger resistance values than those in the 7 
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The larger resistance values reduce the circuit power requirement but at the expense of 
reduction in speed. The switching speed of low power Schottky 7 FL is about the same as 
that of the standard TTL, but the power consumption is about 1/5 of the standard TTL 
The 74LS NANI) gate does not use the muhiplc emitter input transistor, Instead it uses 
diodes. This series is replacing the 74 series. 

Advanced schottky TTL, 74AS Series 

This series has developed owing to recent innovations in IC design. It provides considerable 
improvement in speed over the 74S series and at a much lower power requirement. It is 
the fastest 1 FL series and its speed-power product is significantly lower than that of the 
74S scries. Its fan-out is larger than that ol the 74S series because of its lower input current 
requirement. It is twice as fast and consumes less than half as much power as the 74S scries. 

Advanced Low Power Schottky TTL, 74ALS Series 

This is a low power version of the advanced Schottky TTL. This series offers an 
improvement over the 74LS series in both speed and power dissipation. The 74ALS has the 
lowest speed-power product of all the TTL series, and it is very close to having the lowest 

gate power dissipation. 


F(fast)TTL, 74F Series 

This is the newest and fastest TTL senes. Devices in this series have the letter F inserted 

in their designations. ■ ... 

The ALS and AS technologies are the recent enhancements in Schottky TTL circuitry. 

Among other refinements, the advanced Schottky devices are fabricated with an improved 
doping technique and Schottky-clamped transistors provide improved isolation. These enhance¬ 
ments reduce capacitance and, thus, improve switching times. 

Also, it is a more complex circuit design which uses additional active devices to spec 

up switching, reduce power consumption, and increase fan-out. 

The inverter IC in different TTL sub-families is 7404, 74L04, 74H04, 74LS04, 74AS04, 




Typical TTL Series Characteristics 


The typical characteristics of TTL subfamilies are shown in Table 10.2. 

Table 11.2 The typical characteristics of TTL subfamilies 


Performance rating 

Propagation delay (ns) 
Power dissipation (mW) 
Speed-power product (pJ) 
Max. clock rate (MHz) 
Fan-out (same series) 
Noise margin (V) 


g 

to 

90 

35 

10 

0.4 


33 

1 

33 

3 

20 

0,4 


6 

23 

138 

50 

10 

0.4 


3 

20 

60 

125 

20 

0.7 


9.5 

2 

19 
45 

20 
0.7 


1,7 

8 

13.6 

200 

40 

0.5 


74 LS 74AS 74 ALS 


4 

1.2 

4.8 

70 

20 

0.5 
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tWMPLE U.4 Determine the maximum a\eragc power dissipation and the maximum 
a\erage propagation delay of a single gate of IC 7400. 

Solution 

From the data sheets of the "400 NAND 1C, the maximum values of / C( H and / CCL are 8 niA 
and 22 mA, respectively. The average / cc is, therefore. 


/ cc (avg) 


_ [cc h + [cci _ (8 + 22)mA _ j_ 


mA 


The average power is obtained by multiplying / cc (avg) by C cc . These / cc values are 
obtained when J' cc has its maximum value of 5.25 V. Thus, we have: 

The power drawn from the complete IC is, P D (avg) = 15 mA x 5.25 V - 78.75 mW 

, . . , . FUavg) 78.75 mW 

The power dram of each NAND gate is, ■- — ■ " - - = 19.7 mW 


The maximum propagation delays for a 7400 NAND gate are 


h>LH “ 22 ns 


and 


/puj- 15 ns 


so that the average propagation delay is 


(22 +15)ns , 

*pd( av g) = -- 2 - = 8 ‘ 5 ns 

This is the worst case of maximum possible average propagation delay. 

11.7 INTEGRATED INJECTION LOGIC OIL OR l 2 L) 

Integrated injection logic (IIL or I L) or current injection logic (CIL) is the newest of the 
logtc families, which is finding widespread use in LSI and VLSI circuits. It is not suitable 
for discrete gate ICs. The I L logic gates are constructed using bipolar transistors only. The 
absence ot resistors makes it possible to integrate a large number of gates on a single 
package. Complete microprocessors can be obtained on a single chip. The I 2 L circuits are 
easily fabricated and are economical. Their power consumption is also low The speed¬ 
ier Th ni ,S “ 1 T* Sma11 0f lhe 0rder 0f 4 P J ’ sparable to advanced low 
power Schottky TTL. The I L has, tpd = 1 ns, P D = 1 mw, NM = 0.35 V, fan-out = 8, 

and the relative cost is very low. 

In I : L since the currents are constant, no transients are produced as in TTL and MOS. 

U can easily be integrated on the same chip with bipolar analog circuits such as op-amps. 

By programming the injector currents, the propagation delay and power dissipation can be 
varied over a wide range. The disadvantaee i« tW u l dissipation can be 

r * , . u,adUVdIlia ge is that, it requires one more steo in its 

manufacturing process than those used in MOS ^ __ siep_in_us 
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12 1 _ lIlVGl'tGf 


Since discrete gates are not available in 1 ; L, the operation of an 1 2 L inverter can be explained 
by considering the inverter ol Fig. I Ufa that behaves in the same way as an ?L invener 


+ V 


+ V, 


I/p 



«O/P Q, 
„ HIQH HIGH 

Q? up o 




OIP 


i/p 


(a) l ? L inverter with LOW input (b) f L inverter with HIGH input 


Fig. 11,16 1 2 L inverters. 


+ v 


cc 



:o/p 


(c) An actual IT inverter 


The P-N-P transistor Q, serves as a constant current source that ‘injects’ current into node 
X. The direction in which the current flows after entering node X depends on the input 
level. A LOW input is a current sink. When the input is LOW, the injected current flows 
into the input, thus, diverting current from the base of Q : . Transistor Q 2 is, therefore. OFF 
and the output is HIGH. If the input is HIGH, the injected current flows into the base of 
Qo turning it ON and making the output LOW as shown in Fig. 11.16b, Figure 11.16c 
shows an actual I*L inverter, "he output transistor has two collectors (sometimes three), 
making it equivalent to two transistors with parallel bases and emitters. Thus, it produces 
two equal outputs. Instead of a collector resistor, the outputs are connected directly to the 
inputs of other I'L gates. 

PL NAND Gate 

The I 2 L NAND gate shown in Fig. 11.17 is simply an inverter with inputs connected 
directly together at the inverter input. If, either input A, or input B, or both the inputs A 
and B arc LOW (current sinks), the injected current flows into those inputs and Q, 
remains OFF (HIGH). If both the inputs are HIGH, the injected current turns on Q 2 
making the output LOW. Thus, NAND operation is performed. The transistor Q, is called 
a current injector transistor, because when its emitter is connected to an externa po 
source, it can supply current to the base of Q 2 - 


+ ^CC 

























































4JiS Fundamentals of Digital Circuits 


i 3 l nor cate 

The I : L NOR gate shown in Fig. 11.18 is simply two inverters with their outputs connected 
together. If cither or both the inputs are HIGH, the corresponding output transistor is ON 
and the output is a current sink- So, the output is LOW. If both the inputs arc LOW, both 
the output transistors are OFF, and so, the output is HIGH. This is a NOR operation. 


9 +V, 



«0/P 


Fig. 11.18 Two-input l 2 L NOR gate. 


11.8 EMITTER-COUPLED LOGIC (ECU 

Emitter-coupled logic (ECL), also called current-mode logic or current-steering logic, is the 
fastest ot all logic tamilies because of the following reasons: 

l. It is a non-saturated logic, in the sense that the transistors are not allowed to go 

int saturation. So, storage time delays are eliminated and, therefore, the speed of 

operation is increased. 

Currents are kept high, and the output impedance is so low that circuit and stray 
capacitances can be quickly charged and discharged. 

3. The limited voltage swing. 

The ECL is so named because of its use of BJTs that are coupled (joined) at their 

! n ,1 * e transistors are Prevented from going into saturation when the input 
disad v eS r ° m r u ■ HKjH, by choosing logic levels very close to each other. One 
n 8C *T 8 ° 81C leVCls close 10 each other that, it is difficult to achieve good 

since the transistors arc not 

ECL •ti.. a 1 L a vama S e that the current drawn from the supply is more steady and 

ereater M wm r° e * pen . ence large switchin S transients. The ECL family has considerably 
greater power consumption compared to other families. 

than 1 (sat) is T iirTnof current switching, whereby a fixed bias current less 
Ulan V sat) ts swttehed from one transistor's collector to another. Because of this current- 
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i is also referred to as current-mode logic (CML). It is also 
. aeration, this l«g ic f “™ because current is steered from one device to another. The 
"*f. .Lent-steering logit- • as (h£ ^ aw) M0 S, excep , in very high 

£*3/ is "tns where itt spoed is superior. I. has the following drawbacks! 
frequency apP llcatlon 
1 High cost 
2t Low noise margin 

3. High P° wer Ua and lo gi c levels are not compatible with other logic 

4 ' fhmi'to (making it difficult to use ECL in conjunction with TTL and MOS etreuits). 

S Problem of cooling 

fCL is used in superfast computers and high-speed special purpose 
S “ ' Th. FCI nates can be wired ORcd, no noise spikes are generated, and com- 
pIcmentarT'oiitputs are also available. The important characteristics of ECL gates are: 

1 Transistors never saturate. So. speed is high with = I ns. 

2 logic levels are negative, - 0.9 V for a logic I and - 1.7 V for a logic 0. 

3. Noise margin is less, about 250 mV. This makes ECL unreliable for use in heavy 
industrial environment. 

4. ECL circuits produce the output and its complement, and therefore, eliminate the 
need for inverters. 

5. Fan-out is large because the output impedance is low. It is about 25. 

6. Power dissipation per gate is large, P D ~ 40 mW. 

7. The total current flow in ECL is more or less constant. So, no noise spi es wi ■ 
be internally generated. 

ECL OR/NOR cate 

i I/O 

Figure 11.19a shows a two-input ECL OR/NOR gate. Figure 1L 19b ^ 

characteristics. It has two outputs which are complements ^ parallel Transistors 

an d Qia f° rm a differential amplifier Transistors Qia am* Qm are . 1D ' voltages 

Q 3 and Q 4 are emitter followers whose emitter voltages are: t e sail |f ^ ^ j s supplied 
(less than 0.8 V base to emitter drops)* Inputs are applied to Qia an ^ 

'' constant -1.3 V. . , , v n is more forward biased than 

When the inputs A and B are both LOW, i.e. L7 ’J'k. ya[ue 0 f r : j s such that 

Qia and Q 1q , and so, Q 2 is ON and Q IA and Q| B are * v 'r here f 0 re, the emitter of 
current flowing through Qv puts the collector at about * ' Th u as0 current ol 0; 

Q, is at, - 0.9 - 0.8 - - 1.7 V. and so. .he OR output »UW ™ ^ ^ 

passing through R. is very small. The value ot Aj - . . _ q j 0.8 

collectors of Q lA and Q IB at about - 0.1 V. So, the emitter ot Q 3 ‘ * 

V, that is, the NOR output is HIGH. 

Whpn a is. ijir.ii n ic i-iiriH or both A and 


- — v Jt 1 W 1 «L A 
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collectors of Q IA and Q m are at - 0.9 V, which makes the NOR output = - 0.9 - 0.x = 
- 1.7 V. i.e. a logic 0. Only the small base current of Q 4 flows through R 2 . So, the collector 
o O' is approximate!) at — 0.1 V, and the ctore, the OR output is, — 0,1 - 0.X - — 0.9 V, 
i.e. a log:c 1. This shows that the above circuit works as a OR/NOR gate. Figure 11.19c 

shows the logic symbol a two-input ECL OR/NOR gate. 

One advantage of the differential input circuitry in ECL gates is that, it provides 
common mode rejection——power supply noise common to both sides of the differential 
configuration is effectively cancelled out (differenced out). Also, since the ECL output is 
d reduced at an emitter follower, the output impedance is desiiabty low. As a consequence, 
the ECL gates not only have a large fan-out, but also are relatively unaffected by capacitive 
loads. Some ECL gates are available with multiple outputs, that are derived from multiple 
emitter transistors in the emitter-follower output. For example, one OR/NOR gate may have 
two OR outputs and two NOR outputs. 



a o-TS?-"NOR 

B -- OR 

(c) Logic symbol 

Fig. 11.19 Two-input ECL OR/NOR gate 

ECL Subfamilies 


There are many ECL subfamilies. They differ in characteristics such as propagation delay, 

power dissipation per gate, and speed-power product. The ECL subfamilies do not include 

as wide a range of general purpose logic gates as do TTL and CMOS families. They do, 

however, include many complex special purpose circuits used in high speed digital data 
transmission, arithmetic units, and memories. 
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The first ECL senes marketed by Motorola was the MECL-I scries. It was followed 
by MECL-II ser.es. Both these senes arc now obsolete. The MECL-UI series carrying 
M Cld00 numbers, the MECL10K ser.es carrying MC10000 numbers, and .he recent 
MECL10KII senes with MC10H000 numbers are in use presently. The MECLI0KH scries 
lias a r pJ of 1 ns and P 0 of 25 mW, giving a speed-power product of 25 pj (least of all 
ECL series). 

Wired OR connections 


The ECL gates are available with open-emitter outputs, that is, with resistors in the output 
emitter followers omitted. The open-emitter outputs can be connected together directly, and 
the common emitter output terminal may be connected through an external resistor to a 
negative supply voltage (-5.2 V) as shown in Fig. 11.20a to perform a wired OR operation. 
The transistors labelled Q 3 are the output transistors of gates 1 and 2. 



B, 


Wired OR 
(O/P) 

09 V 

09 V 

17V 

0.9 V 

- 0 1 V 

-0.9 V 

- 0.1 V 

0.9 V 

- 0.9 V 

-0.1 V 

_0.1V 

-09 V 


(b) Truth table 


Fig. 11.20 Wired OR operation of ECL gates. 


When the bases of both the transistors are at - 0.9 V, both the transistors conduct and 
make the common emitter voltage to be, - 0.9 V - 0.8 V = — 1.7 V. When both the bases 
are at - 0.1 V, again both the transistors conduct and make the output voltage to be, 
-0.1 V - 0.8 V = - 0.9 V. When only one base is at - 0.1 V and the other at - 0.9 V, 
the output transistor with 0.1 V base voltage conducts and makes the common emitter 
voltage — 0.9 V preventing the second transistor trom conducting. Hence, t e c 
provides OR operation. 


Interfacing ECL Cates 

Since ECL logic levels are so different from those of TTL and 

ECL ga.es with other logie families requires speeialLof 

l> onslators. Level translators are available tn various EC 

EC'I 
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EXAMPLE 11.5 


W hat arc the logic levels at the output ot the EC'l gate shown in rig. 11.21? 




1.18 kO 


-5.2 V 


Fig. 11.21 ECL gate (Example 11.5). 


Solution 

a) To calculate the logic levels, the input voltage magnitudes need to be known. Since 
they are not given, assume them to be — 0.8 V (HIGH) and - 1.5 V (LOW). 
V R (- 1.15 V) is the approximate average of the two input levels. When A = - 0.8 V 
and B = - 0.8 V, or A - - 0.8 V and B = - 1.5 V, or A = - 1.5 V and 
B = - 0.8 V, T 2 is OFF and T, or T, A or both will be ON. Therefore, 

j/ E = - 0.8 V - 0.7 V = - 1.5 V 




[-1.5-(-5.2)1 V 
1.18 kQ 


=* 3.1 mA 



= 3.1 mA 


V a = 0 - (267 x 3.1 x 10~ 3 ) = - 0.827 V 
V 02 = (- 0.827 - 0.7) V = - 1.527 V 
y 02 is the OR output = - 1.527 V (logic 0) 


Therefore, 
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When T 2 is OFF, l 2 is the small base current of 1 A given by 


/, = - 


[0 - 0.7 - (- 5.2)] 


4.5 V 


[300 + 1.5X 10 (l + h FE )]Q (300 + 1500x41)0 


- 0.0728 mA 


V c2 = 0 - (300 x I 2 ) = (~ 300 x 0.0728) V = - 0.0218 V 


Therefore, 


H 01 = (- 0.0218 - 0.7) V = - 0.7218 V (logic 1) 


When A = - 1.5 V and B - - 1.5 V, both T, and T, A are OFF and T 2 is ON 
When T| and V )A arc OFF, /, is the small base current of T 3 given by 


= 


[0 - 0.7 - (- 5.2)] V 


4.5 V 


[267 + 1.5 x 10 3 (1 + h FE )] O (267 + 1500 x 41) Q 


0.07285 mA 


V Ci = 0 - (0.07285 X 10 ' 3 x 267) = - 0.0195 V 


Therefore, 


K 02 = - 0.0195 - 0.7 = - 0.7195 V (logic 1) 


Since T 2 is ON, V E = 
Therefore, 

/ c 


- 1.15 - 0.7 = - 1.85 V 


[1.85 ( 5.2)]V = 2 g4 mA 

1.18 kO 


and 


Therefore, 


h = /. 


FE 


1 + h 


a / E = 2.84 mA 


FE 


y C2 = 0 - (2.84 x 10 3 x 300) - - 0.852 V 


y Q[ = _ 0.852 - 0.7 = - 1.56 V (logic 0) 

3) To show that the transistors do not saturate, find the 1 CE of the trans 

When T 2 is conducting, from the ^ = 

- 0.852 V and its emitter is at - 1.52 V. lheruore CE 

1 V. Since V CE = 1 V, the transistor is in the active reg t y- 

. , nv v = - 0.847 V and V E — 1 •- v ■ 

Similarly, when T, or T 1A or both art O , ci 

Therefore, 

K ce = - 0.847 - (- L5 ) = + 0653 V 


So, the transistor is in 
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(c) Noise margins: _ i 7s v 

For an ECL gate, the limits of transition region are - U V and 1.25 V. 
hor an IXL gat , _ 0 7218 V and logic LOW as - 1.52 V. 

In the problem, we got logic HIGH as u./z. 

Therefore, 

<r i - - 0 73 V - (- 1.1 V) = + 0.37 V 
High level noise margin <1 U ^ .. 

6 . • ^ n - i 25 V - (- 152 V) = + 0.27 V 

Low level noise margin < 0 - lz;> 

These noise margins are typical and no. wors. ease values. 


11.9 


METAL OXIDE SEMICONDUCTOR (MOS) LOGIC 


metal oxide semiconductor field effect 


The MOS log.c^so ^ a “ SC tb " b “p 0 S lar logic famil.es, the MOS families are 

simpler and inexpensive .0 fabnea.e rcqu. e jeh les powc . h * 

a greater supply S Xge damage. For MOS logie, 

are slower m «pMug V* + - y _ 0 ., mW . and fan-out = 50 for frequeneies 


ptl 


50 ns, NM 


. 10n Hz an H it is virtually unlimited for dc or low frequencies. The propagation 

deUy associated with MOS gates is large (50 ns) because of their high output res,stance 

/inn ici) and capacitive loading presented by the driven gates. 

The MOS logic is the simplest to fabricate and occupies very small space, because it 

requires on^one^as.e elemen.-an NMOS or a PMOS transistor. I. does " 0 > require odter 
elements like resistors and diodes, which occupy large space. Because of its ease of 
fabrication and lower power dissipation per gate P 0 , it .s ideally suited or LSI VLSI and 
ULS1 for dedicated applications such as large memories, calculator chtps, large 
microprocessors, etc. The operating speed of MOS is slower than that of TT , so cy 
arc hardly used in SSI and MSI applications. The greater packing density ol MUb lbs 
results in higher reliability because of the reduction in the number of external connections. 

Because of the very high impedance present at a MOSFET’s input, the MOS logic 
families arc more susceptible to static charge damage. The CMOS family is less susccptiq c 

to static charge damage. * j| M 

There are presently two general types of MOSFETs— depletion type and enhttneentent 

type. The MOS digital ICs use enhancement MOSFETs exclusively. The MOSFLTs can be 
of NMOS type or PMOS type. Most modem MOSFET circuitry is constructed using 
NMOS devices, because they operate at about three times the speed of their PMOS 
counterparts, and also have twice the packing density of PMOS. 

Both NMOS and PMOS have greater packing density than that of CMOS, and are 
therefore, more economical than CMOS. The CMOS family has the greatest complexity and 
the lowest packing density of all the MOS families, but it possesses the important 
advantages of higher speed and much lower power dissipation. The CMOS can he operated 
at high voltage resulting in improved noise margin. ' 
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symbols and switching Action of NMOS and pmos 

Figure 11.22a shows the circuit symbol of NMOSFET. Figure 11.22b shows its equi-valent 
as a closed switch when it is ON and Fig. 11.22c shows its equivalent as an open switch 
when it is OFF. 


G (Gate)o 



O (Drain) 

SS (Substrate) 

S (Source) 



+ ve (> 2 V) 


1 k£i 




S 



ve or 0 V 



a) NMOSFET 


(b) ON state 


(cj OFF state 


Fig. 11 -22 Circuit symbol and ON and OFF equivalents of NMOSFET 


Figure 11.23a shows the circuit symbol of PMOSFET. Figure 11.23b shows its 
equivalent as a closed switch when it is ON and Fig. 11.23c shows its equivalent as an open 
switch when it is OFF. 


D (Drain) 


G (Gate)o- 


J 

r > SS (Substrate) 
S (Source) 

*GS 

(a) PMOSFET 




o D 

t' 


- ve (< - 2 V) 


1 kfl 


Vgs 

+ ve or 0 


D 


v >«" 


Q 


• S 

(c) OFF state 


(b) ON state 

Fig. 11.23 Circuit symbol and ON and OFF equivalents of PMOSFET. 

The arrow in the symbols of MOSFETs indicates either P or N channel. In the channel, 
the broken line between the source and the drain indicates that normal!} there is nci 
conducting channel between these electrodes. The separation between the cjic and the other 
terminals indicates the existence of very high resistance (10,000 MO) between the gate arid 
the channel. The switch in a MOSFET is between the drain and source terminals. The gate- 
to-source voltage K c s controls the switch. In an N-channe! MOSFET, sw, itch closes an 
current flows from drain to source when Pqs is positive, and switch opens w cn 

negative or zero w.r.t. the source. 

Resistor 

A MOS transistor can be connected as a resistor as >hown in hg. ^ through 

resistance presented by a resistor-connected NMOS dev.ee depends 

it. The gate ,s permanently connected to + 5 V, and so „ ,s always m fc^ON staie and 

the transistor acts as a resistor ot value R 0 v % f the switching transistor, 

narrower channel, so, its /? 0N is much greater than the £ 0N 

Typically, its R m = 100 kQ. 
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+ V 0D 



Fig- 11-24 NMOS connected as a resistor. 


NMOS inverter 

—. 11 tc contains two N-channel MOSFETs. Q| is 

The basic NMOS inverter *ow n m *8^ M0SF £ T Q 2 will switch from ON to OFF 

“^nse°to “ TheJc^ oMOSFETs can be considered as resistors and the ctreutt as 
a potential divider. 


V 


out 


+ 5 V 


4 


15 V 


0 


Qt 


+ 5 V 


, + 5 V 


- V 


Out 







too ka 



out 


Q. 



V 


oul 


+ 5 V 

100 kQ 
-• V 


+ 5 V 


out 


io !C a 


i 



i ka 



5 V 


V 


in 


(d) I/O characteristics 


I/P 

O/P 

0 

1 

1 

0 


(a) NMOS inverter 


Fig. 11.25 


(b) Equivalent circuit 
when V„ = 0 V 


(c) Equivalent circuit 
when V = + 5 V 


(e) Truth table 


Circuit diagram and equivalent circuits for various inputs of the NMOS 

inverter. 


• When V m = 0 V, Q, is OFF. So, its tf 0FF = 10 10 Q, and the equivalent circuit (b) 
results. Therefore, 

y _ ^DD ^OFF (Q 2 ) „ 5 x ]^_ _ _ 5 v 

*on(Qi) ^off(Q 2 ) 100 x 10 3 + 10 1(J 

• When V sn - 5 V, Q 2 is ON. So, its /? 0N = 1 kQ, and the equivalent circuit (c) results. 

Therefore, ' - j BB 



^dd ^on f O 2 1 


^ON f Q1) + ^ON (Q2) 


5 x 1 
100 + 1 


= 0 V 


Tins shows that the above circuit acts as an inverter. The I/O characteristics and the 
truth tabic are shown in Figs. 1 l.25d and e, respectively. 
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NMOS NANO Cate 

Figure 11-26 shows an NMOS two-inpul NAND gate and its equivalent circuits for different 
possible combinations ot inputs in terms of resistance values of transistors in ON and OFF 
positions. 


U 


+ 5 v 


a, 


v 


Out 



+ 5 V 


100 k£l 




Q. 



+ 5 V 


100 ka 


+ 5 V 


* Vc,= 5V 



io 10 a 



100 ka 


^ t =5Vf 



io'°a 



+ 5 V 


100 ka 


*V 0Ut =5V t 


Kh 


B 


Q 



io°a 



"Vov 


1 ka 




1 ka 


1 ka 



io ia n 



1 k a 


(a) Two Input (b) A LOW (c) A LOW 

NMOS NAND gate B LOW B HIGH 


(d) A HIGH 
8 LOW 


(e) A HIGH 
B HIGH 


Fig. 11.26 Circuit diagram and equivalent circuits for various inputs of the NMOS 

NAND gate. 

In the NMOS NAND gate shown, Q, is acting as a load resistor and Q 2 and Q } as 
switches controlled by input levels A and B, respectively. 

• When both A and B arc 0 V, both Q 2 and Q 3 are OFF. So, the equivalent circuit 

(b) results with K oul = + 5 V. 

• When A = 0 V and B = + 5 V, Q 2 is OFF and Q, is ON. So. the equivalent circuit 

(c) results with K out = + 5 V. 

• When A = + 5 V and B = 0 V, Q 2 is ON and Q 3 is OFF. So, the equivalent circuit 

(d) results with F out = + 5 V. 

• When A = + 5 V and B = + 5 V, both Q ; and Q, are ON. So. the equivalent circuit 

(e) results with V 0M = 0 V. 

I hus, the above circuit works as a positive logic two-input NAND r ate. 

nmos nor cate 

' ■Sure 11.27 shows an NMOS two-input NOR gate and its equivalent c.rcuits^for^ffCTcnt 

possible combinations of inputs in terms ol resistance vu ues o r . 

positions. Q, is the resiStor connected NMOS transts.or that senes ^ a load and Q: 

Qj are the switching transistors controlled by the inputs A and B. respect >. 
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When A is LOW and B is LOW, Q : is OFF and is OFF. So, the equivalent circuit 

(b) results with l' ou , = + 5 V. 

W hen A is LOW and B is HIGH, Q 2 is OFF and Q 3 is ON. So, the equivalent circuit 

(c) results with K ou , = 0 V. 

When A is HIGH and B is LOW, Q 2 is ON and Q 3 is OFF. So, the equivalent circuit 

(d) results with L ou , = 0 V. 

When A is HIGH and B is HIGH, Q 2 is ON and 0 3 is ON. So, the equivalent circuit 


(e) results with F ou( - 0 V. 

Thus, the above circuit works as a positive logic two-input NOR gate. The truth table is 
shown in Fig. ll.27f. -♦ 






(b) A LOW 
B LOW 



out 


(c) A LOW 
B HIGH 


(a) Two-input 

NMOS NOR gate 

i +5 V 
■100 RQ 




A 

B 

Qj 

q 3 

O/P 

Low 

LOW 

OFF 

OFF 

HIGH 

LOW 

HIGH 

OFF 

ON 

LOW 

HIGH 

LOW 

ON 

OFF 

LOW 

HIGH HIGH 

ON 

ON 

LOW 


(d) A HIGH 
B LOW 


(e) A HIGH 
B HIGH 


(f) Truth table 


Fig. 11.27 Circuit diagram and equivalent circuits for various inputs of the NMOS 

NOR gate. 


11.10 COMPLEMENTARY METAL OXIDE SEMICONDUCTOR (CMOS) 

LOGIC 

The CMOS logic family uses both P and N channel MOSFETs in the same circuit to realize 
several advantages over the PMOS and NMOS families. The CMOS family is faster and 
consumes less power than the other MOS families. These advantages are offset somewhat 
> th_ increased complexity of Hue IC fabrication process and a lower packing density. The 
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CMOS can be operated at higher voltages resulting in improved noise immunity. It is widely 
used for general purpose logic circuitry, The CMOS technology has been used to construct 
small, medium, and large scale ICs for a wide variety of applications ranging from general- 
purpose logic to microprocessors. Because of its extremely small power consumption, it is 
useful for applications in watches and calculators. The CMOS, however, cannot yet 
compete with MOS in applications requiring the utmost in LSI. The CMOS has very high 
input resistance. Thus, it draws almost zero current from the driving gate, and therefore, 
its fan-out is very high. Its output resistance is small (1 kQ) compared to that of NMOS 
(100 kQ). Hence, it is faster than NMOS. The speed of CMOS decreases with increase in 
load. In CMOS, there is always a very high resistance between the V 0D terminal and 
ground, because of the MOSFE'l in the current path. Hence, its power consumption is very 
low. The noise margin of CMOS is the same in both the LOW and HIGH states and it is 
' ■% of Knn. indicating that noise margin increases with an increase in power supply 
voltage. So in noisy environments, CMOS with large F DD is preferred. However, an 
increase in V DD results in the corresponding increase in P D . The CMOS loses some ol its 
advantages at high frequencies. 

In MSI, the CMOS is also competitive with TTL. The CMOS fabrication process is 
simpler than that of the TTL and it has greater packing density, thereby permitting more 
circuitry in a given area and reducing the cost per function. The CMOS uses only a fraction 
of the power needed even i"or low pow'er I IL and is, thus, ideally suited for applications 
requiring battery pow'er or battery backup power. The CMOS is, however, generally slower 

than TTL. 


CMOS inverter 

Figure 11.28 shows a CMOS inverter and its equivalent circuits for different inputs. It 
consists of an NMOS transistor Q, and a PMOS transistor Q 2 . The input is connected to 
the gates of both the devices and the output is at the drain of both the devices. The positive 
supply voltage is connected to the source ot the PMOS transistor Q 2 , and the source ot 

Q, is grounded. 

• When V m = 0 V (LOW), F GS2 = - 5 V, and L os , = 0 V. So. Q 2 is ON and Qj is 
OFF. Therefore, the switching circuit (b) results with V w = 5 V. 

• When V in = + 5 V (HIGH), F GS2 = 0 V and f GS , = + 5 V. So, Q ; is OFF and Q, 
is ON. Therefore, the switching circuit (c) results with f out - 0 \- 

Thus, the above circuit acts as an inverter. 


CMOS NAND Gate 


Figure 11.29 shows a CMOS two-input NAND gate and its equivalent circuits for various 
input combinations. Here, Q l and Qi are parallel-connected PMOS transistors, an 3 
Q 4 are series-connected NMOS transistors. 

* When A =■ 0 V and B = 0 V, L GS) = V gs 2 = ~ *gsj ~ \cs* ^ ^ 

ON, Q, is OFF, Q : is ON and Qj is OFF. Thus, the switching circuit l r b 

with F oul = + 5 V. 
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(a) CMOS inverter 




Fig. 11.28 Circuit diagram and equivalent circuits for various inputs of the CMOS 

inverter. 


* When A = 0 V and B = + 5 V, F GS1 = - 5 V, F GS2 - 0 V, F GS3 - 0 V, F GS4 5 V. 
So. Q, is ON, Q- is OFF, Q 2 is OFF and Q 4 is ON. Thus, the switching circuit 

(c) results with F oul = + 5 V. 

* When A = + 5 V and B = 0 V, F GSJ = 0 V, 1 GS2 - -5 V, K GS3 = 5 V, F GS4 = 0 V. 
So, Qi is OFF, Q 3 is ON, Q 2 is ON and Q 4 is OFF. Thus, the switching circuit 

(d) results with F 0UI = + 5 V, 

* When A = + 5 V and B = + 5 V, f GS , — F G g 2 ~ 0 V, f G g 3 = K GS4 = 5 V. So, Q t 
is OFF, Q- is ON, Q ? is OFF and Q 4 is ON. Thus, the switching circuit (c) results 
with F oul = 0 V. 

Thus, the circuit works as a two-input NAND gate. The truth table is shown in 
Fig. 11.29f. 


CMOS NOR Cate 

Figure 11 30 shows a CMOS two-input NOR gate and its equivalent circuits for various 
input combinations. Here, the NMOS transistors Q 3 and Q 4 are connected in parallel and the 
PMOS transistors Q, and Q 2 in series. 

The operation of the CMOS NOR gate can be explained as follows: 


• When A = 0 V and B = 0 V, F CS1 = F GS2 = - 5 V, F GS3 = F GS4 = 0 V. So, Q, and 

Q arc ON, and and Q 4 are OFF. Ihus, the equivalent circuit b) results with 

Yo« - + 5 V. 

* When A = 0 V and B = + 5 V, F GS1 = - 5 V, F GS2 = 0 V, K GS3 = 0 V, F GS4 = 5 V. 

>, Qj and Q 4 are ON, and Q 2 and Q 3 are OFF. Thus, the equivalent circuit (c) 

results with F uu , = 0 V. 


When A = + 5 V and B = 0 V, K osl = 0 V, F 0S2 = - 5 V, K 0SJ = 5 V. V GSi = 0 V. 

So, Q, and Q, are ON, and Q 2 and Q, are OFF. Thus, the equivalent circuit (d) 
results with F oul = 0 V, 


When A = + 5 V and B = + 5 V, F r «. = J/ „ = n v V - v 1 « w Ba n 

and are ° hF ’ and anti Q 4 arc 0N - Thus, the equivalent circuit (c) results with 
Pool = 0 V - 
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* V 00 (5 V) 



GUI 





(a) Two-input NAND gate 







V 0 V 

V Olit V V 




A 

B 

Q, 
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Q, 

v 

* out 

(b) 

0 V 

5 V 

ON 

ON 

ON 
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(c) 

0 V 
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ON 
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ON 

ON 
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(d) 
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ON 

OFF 

OFF 

5 V 

(e) 

5 V 

0 V 

OFF 

OFF 

OFF 

ON 

0 V 


(f) Truth table 



r i 


Fig. 11.29 Circuit diagram and equivalent circuits for various inputs of the CMOS 

NAND gate. 


The above analysis shows that the circuit works as a two-input NOR gate. The truth table 
is shown in Fig. 11.30f. 


Buffered and unbuffered Cates 


Some metal gate CMOS circuits arc available in buffered and unbuttered versions. The gates 
in buffered circuits have CMOS inverters in series with their outputs to suppress switching 


. * 


Transmission Cate 


A transmission 

(Ol l r ), the impedance 


gate is simply a digitally controlled CMOS switch. WIkii tin. switch 
Stance between its tem.int.ls is very large. It is used to tmplcmcnt spectal 
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♦ Vpo (5 V) 





(a Two-input NAND gate 






(b) 

(C) 

(d) 

(e) 


A 

B 

Qt 

Qj 

Q. 

Q< 

v 00t 

0 v - 

ov“ 

ON 

ON 

OFF 

OFF 

5 V 

0 V 

5 V 

ON 

OFF 

ON 

OFF 

0 V 
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0 V 

OFF 

ON 

OFF 

ON 

0 V 

5 V 

5 V 

OFF 

OFF 

ON 

ON 

0 V 


(f) Truth table 


Fig. 11 30 Circuit diagram and equivalent circuits for various inputs of the CdpS 

NOR gate. 


logic functions. Since the CMOS gate can transmit signals in both directions, it is ca e a 
bilateral transmission gate. It is also called a bilateral switch. It is useful for digita an 
analog applications. The TTL and ECL gales arc essentially unidirectional. 

I mure 11.31 shows the schematic diagram and logic symbols of a CMOS transmtssio 
gate, The NMOS and PMOS transistors arc connected in parallel. So, both polarities of input 
voltages can be switched. The CONTROL signal is connected to the N MOSFET and its 
inverse is connected to the PMOSFET. When the CONTROL is HIGH, the gate ot 
PMOSFET Q, is LOW and the gate of NMOSFET Q 2 is HIGH. If the input (data) is LOW, 

i' (iS is 0 V and K GS2 is positive. So, Q, is OFF and Q, is ON. If the input is HIGH, lost 

is ncgaii.c and is 0 V. So, Q, is ON and Q, is OFF. Thus, there is always one 

conducting path from input to output when the CONTROL is HIGH. aH 
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CONTROL 



CONTROL 


I/P 


i 


O/P 


(b) Switch 


CONTROL 

Switch 

OV 

Open (OFF) 

+ ^00 

Closed (ON) 

- 


(c) functional table 


INPUT 



OUTPUT 


INPUT 



(d> Traditional symbols 


OUTPUT 


N 

P 



(e) ANSI/IEEE symbol 


Fig. 11.31 Circuit diagram and logic symbols of the CMOS transmission gate. 


On the other hand, when the CONTROL is LOW, ihe gate of PMOSFET Q, is HIGH 
and the gate of NMOSFE'I Q 2 is LOW. If the input (data) is LOW, F (iS] is positive and 
C GS2 is 0 V. Therefore, Q, is OFF and Q ; is also OFF. If the input (data) is HIGH, P GS1 
is 0 V and K GS2 is negative. So, again Q, is OFF and Q ; is also OFF. Thus, there is no 
conducting path from input to output when the CONT ROL is LOW. 

So, we can conclude that when the CONTROL is HIGH, the circuit acts as a closed 
switch and allows the transmission of the signal from input to output. When the CONTROL 
is LOW, the circuit acts as an open switch and blocks the transmission of the signal from 
input to output. The CONTROL acts as an active-HIGH enabling signal. Active-LOW enabling 

is possible, if the CONTROL is connected to the gate of PMOS and CONTROL to the gate 
of NMOS. 

Since the input and output terminals can be interchanged, the circuit can also transmit 
signals in the opposite direction. Hcncc, it acts as a bilateral switch. 

Open Drain and High impedance Outputs 

The CMOS logic gates arc available with open-drain outputs similar to their TTL counter¬ 
parts with open-collector outputs. In these devices, the output stage consists only of an N- 
channel MOSFET whose drain is unconnected, since the upper i’-channel MOSFET has 
been eliminated. An external pull-up resistor is needed to produce a HIGH state voltage level. 
Like open-collector outputs, the open-drain outputs can be wired ANDed, Figure 1 1.32a 
shows two inverters at the output of a CMOS gate that are used to provide the buffering. 
As shown in Fig. 1 L32b, the open-drain output is obtained by omitting the PMOS transistor 
in the output inverter. Diode D| is connected internally to provide protection from electro 

static discharge. 
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Connection to 
locpc gate output 


00 


Output 


(a) Two-series inverters providing 
output buffering 


V 0 d v 


OD 


D 


■A 



Open-drain output 




(b) Open-drain output 


Fig. 11 -32 Open-drain CMOS inverter. 


interfacing CMOS and ttl Devices 

, ul , t _ devices irom different logic 

Specially designed ICs called level 0 f CMOS is compatible pin for pin and 

families compile 7 £££ same number, 

function for function with TTL devices na & 


CMOS Series 

, _ , n * An o ^Hes The original 4000 series is now the 

4000 -14300 series. It was the first CMO . f the 40 00A. The 4000B scries has 

4000 A series. The 4000B sen “ " the 4000A series. The 4000A and 4000B 

J3TJSW. the emergence of the new CMOS series. 

74C series. Th.s series is eomparibie 

devices having the same number. I lany, , . l re SO mc TTL circuits by 

also available in this CMOS series. This makes rtposs.b^ oreplace some TTL 

an equivalent CMOS design. The performance charactenst.cs of the 74C senes 

the same as those of the 4000 series. J| 

74HC series (High speed series). This is an improved version of ? ^Ttsmain 1 ^features 
(10 times that of the 74C series) and higher output current capability * es 

The speed of the devices in this series is compatible with that of the 74L 

74 HCT series. This is also a high speed CMOS series and it is designed tobc v ° l1 ® 
compatible with TTL devices. In other words, it can be directly driven by a t 


Operating and performance Characteristics of CMOS 

15 

Supply voltage. The 4000 and 74C series can operate with V DD values ranging from 3 t0 ^ 
volts. The 74HC and 74HCT series can operate with K ou values ranging from 2 to v0 

V oltage levels. When a CMOS output drives only a CMOS input and as a CMOS gate . ^ 
an extremely nigh input resistance, the current drawn is almost zero and, therefore. 
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output voltage levels will be very close to zero for LOW slate and V DD for HIGH state, i.e. 

^OL^ max ^ " ^ ^on( m * n ) — I dd- Usually, the input voltage levels are expressed as percent¬ 
age of V DD values, for example, U |L (max) = 30% of F DD , T m (min) = 70% of V D0 . 

Power dissipation. When a CMOS circuit is in a static state, its power dissipation per gate 
is extremely small, but it increases with increase in operating frequency and supply voltage 
level. For dc, CMOS power dissipation is only 2.5 nW per gate when V DD = 5 V. and it 
increases to 10 nW per gate when V m = 10 volts. With a V Da of 10 V at a frequency of 
100 KPPS, power dissipation is 0.1 mW/gate, and at 1 MHz, P u = 1 mW. 

Noise margins. Since for a CMOS gate, K 0L (max) = 0 V, V QH ( min) = V DD and F, L (max) 
is 30% oi K Dt) and K| H (min) is 70% of, the low level and high level noise margins will 
be the same (30% oi and increase with an increase in the value of V Dly Of course, 
the higher values of result in higher power dissipations. 

F N h = ^oh( min) — Pjj|(min) ~ i — 70% ot = 30% ot 

Pj\ii. ^ il( max) P 0L (max) = 30% ot fpp ~ 0 V a 30% ot Pf}[)- 

Fan-out. The CMOS fan-out depends on the permissible maximum propagation delay. For 
low frequencies (< l MHz), the fan-out is 50, and for high frequencies it will be less. 

Switching speed. The speed of the CMOS gate increases with increase in P I)D . The 4000 
scries has r [lti = 50 ns at V DD = 5 V and /pj = 25 ns at P D[> = 10 V. The increase in P DD 
results in increase in power dissipation too. 

Unused inputs. The CMOS inputs should never be left disconnected. All CMOS inputs have 
to be tied either to a fixed voltage level (0 V or P DD ) or to another input. 

Static charge susceptibility. The high input resistance of CMOS inputs makes CMOS gates 
prone to static charge build-up, that can produce voltages large enough to break down the 
dielectric insulation between the MOSFET gate and the channel. Most of the newer CMOS 
devices arc protected against static charge damage by the inclusion ot protective zener 

diodes on each input. 


11.11 DYNAMIC MOS LOGIC 

When power consumption and physical size are the prime design considerations as in digital 
watches and calculators, dynamic MOS logic is usually the family selected to meet these 
requirements. Lach transistor used in a dynamic MOS circuit is identical to the other, and 
each can be fabricated in a very small amount of space on a chip. Consequently, large and 
very large scale integrations arc possible. 

In dynamic MOS logic, power consumption is minimized by relying on the in crcnt 
capacitance of the MOS transistors to store logic levels, i.e. to remain charged or 
discharged—and by using clock signals to turn on transistors for very brief intervals o time 
only. The clock signals turn transistors on to allow the capacitance to recharge or discharge 
at periodic intervals. Since a transistor is OFF during most of any given time interval, the 
average power consumption is quite small. 
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■ * 10 NMOS transmission gate shown in Fig. 11.33a is a fundamental component of 
dynamic logic circuits. Because the NMOSFET is completely symmetrical, the drain and 
source terminals are indistinguishable, i.e. current can How in cither direction. In dynamic 

logic applications, there is a shunt capacitance at each of these terminals identified in the 
figure as C, and C,. - ! 



(a) 8y symmetry, terminals (b) When G is LOW the 

1 & 2 can serve as either transistor is OFF 

drain or source 


(c) When G is HIGH the 
transistor is OFF 


Fig. 11.33 NMOS transmission gate. 


When the gate terminal G is LOW, the transistor will be OFF irrespective of the 
potentials at drain and source, i.e. irrespective of charges on C, and C 2 , because the gatc- 
to-source voltage may be either 0 or negative. Once the transistor is OFF, it acts as an open 
.jh shown in Fig. 11.33b and the charges on capacitors remain as they arc. That is 
no transfer of charge takes place, and therefore, no signal transmission takes place 

f , G „“ HIGH ’ * C transistor is 0N a " d acts ^ a closed switch as shown in 

‘ g capacit0rs C i and c 2 are charged to the same level, no transfer of charge 

akes p ace. But u one capacitor is charged and the other discharged, transfer of charge 

ljkeS place from one capacitor t0 the other > i-e. the input is transmitted to the output. 

Dynamic MOS inverter 

Figure 11.34 shows a dynamic MOS inverter. The capacitance shown by dotted lines 

represents .he tnherent dev.ee (in.crclectrode) capacitance. The A and A are .hc con ro 

signals that are used to control the ON and OFF of O -ind n tJ . ^ ? th 01 

u r OI ^2 and V 3 r The two together are called 



(a) Schematic diagram 

* ^ Equivalent switching circuit 

Fig. 11.34 Dynamic MOS inverter 
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a two-phase non-overlapping clock, because A and A are never mm 
time. As in the case of a normal MOS inverter, 0 acts a ^ H ° H . at lhe same 
as a load resistor. The only difference is that in this case 0* ^ '" S tranS1St0r and 
when dock A is HIGH. The res. of the time (i.e. when A U LOW) (T Toff 

i, transfers charge only when dock \ i HIGH Th c t of ,hf, 35 % transl T' sslon «“• -• 
no transfer of charge takes place. ‘ he " mC (,e - when * is LOW). 

When V is LOW Q is OFF. When 4 goes HIGH, Q, conducts and C, is charged 
but when 0 X goes LOW, there is no path for C, to discharot* r • t '^ ar 8 ea ' 

When <th goes HIGH, this charge on C, is transferred to C 2 f and so V C go™ HMH Thus 
a LOW at the input results in a HIGH at the output QUt 8 H ™ ’ 

Suppose V- is HIGH, when * goes HIGH, Q 2 conducts and Q. also turns on So C 
cannot charge. When ^ goes HIGH, Q, acts as a closed switch and C 2 discharges into’c ! 

S °’ mS 6 * L ? W ^ re J nams L0W whcn is LOW. Thus, a HIGH at the input results 
in a LOW at the output. Therefore, the above circuit acts as an inverter 

The output of a dynamic logic gate is ‘valid’ only when £ is HIGH. Thus we can say 

that the gates are sampled at the frequency of A sampled output becomes the input to 

other gates, whose responses become available only at the next sampling time The 

disadvantage of dynamic logic is the complexity added by the clocking requirements. The 

capacitors need to be recharged periodically so that the charge on the capacitors does not 

decay very much. This process of recharging is called refreshing. The minimum clock 

frequency is, therefore, determined by the amount of time taken by the capacitance to decay 

significantly. A typical period is I ms, giving a minimum clock frequency of 1 kHz. 

Dynamic NAND cate 


Figure 11.35 shows a dynamic two-input MOS NAND gate and its equivalent switching 
circuit. The only difference between this and the static NMOS NAND gate is that, the load 
MOSFET is clocked by 0 X and a transmission gate is added at the output and the outputs 
are clocked through the transmission gate by jtk. 

When goes HIGH, C, is charged according to the NAND logic of inputs A and B 
and when goes HIGH, this charge is transferred from C, to C 2 . So, the output T out 

follows the NAND logic. 

When either A is LOW, or B is LOW, or both A and B are LOW, the corresponding 
MOSFETs (Q a and Q B ) will be OFF and no current passes through them. Thus. C\ is 
charged when <p x goes HIGH, and this charge on C, is transferred to C ; , when 4h goes 
HIGH. Therefore, the output goes HIGH (Cj remains discharged after goes LOW). 

Only when both A and B arc HIGH, Q A and Q B will turn on when 0 goes HIGH and. 
therefore, no current flows through C| and it does not charge and remains in the discharged 
condition only. When ^ goes HIGH, C : discharges into C ,, and so the output goes LOW. 
Hence, this circuit works as a two-input NAND gate. 


Dynamic NOR Cate 

Figure 11.36 shows a dynamic Iwo-inpm MOS NOR gale and ils equivalent switching 
Circuit, The only difference between this and the static NMOS NOR gate is that, the load 
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* 



(a) Schematic diagram 

Fig. 11.35 Dynamic MOS 



(b) Equivalent switching circuit 


NAND gate. 



(a) Schematic diagram 



(b) Equivalent switching circuit 


Fig. 11.36 Dynamic MOS NOR gate. 


MOSFET is clocked by 0, and a transmission gate is added at the output and the ou FJ 

are docked through the transmission gate by . 

When <p v goes HIGH, C, is charged according to the NOR logic of inputs A and u j. s 

*hen <3, goes HIGH, this charge is transferred from C, to C 2 . So, the output V oul ° ° 

the NOR logic. -m -J 

W hen both A and B arc LOW, Q A and Q B will be OFF. So, C { charges when <P\ 8° 
HIGH and this charge on C, is transferred to C, when tfh goes HIGH, and so, the outpu 
goes HIGH. (C, remains discharged, after ^ goes LOW). 

When either A is HIGH or B is HIGH or both A and B are HIGH, either Q A or Qu or 
oth and Q u will turn on when 0, goes HIGH, keeping C, in the discharged conditio 0 
or , ’When o. goes HIGH, the charge on C 2 is transferred to C,, and so, the output goes 
LOW. Hence, this circuit works as a two-input NOR gate. 
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11.12 INTERFACING 

Interfacing means connecting the output(s) of one circuit or system to the input(s) of 
another system with different electrical characteristics. 

Ihcn. tiie a number of logic families, each having its own strong points. In designing 
more complex digital systems, the designers utilize different logic families for different parts 
of the system in order to take advantage of the strong points of each family. When the 
designed parts arc assembled, since the clcetricai characteristics of different logic families 
vary widely, interfacing circuits or logic level translators arc used to connect the driver 
circuit belonging to one family to the load circuit belonging to another family. 

TTL to ECL 

The I i'L is the most widely used logic family, but its speed of operation is not very high. 
The ECL is the fastest family. In some applications, the rate at which input data is to be 
handled may be much lower than the rate at which the output data is to be handled. 
Therefore, it becomes necessary to interconnect the two different logic systems, such as 
I I’L and EC1.. One such application is in the time division multiplexing of M digital signals 
to form a single digital signal. Although, the bit rate of each of the M signals may be handled 
using TTL, the bit rate of the composite signal is M times faster and may require ECL to 

process it, 

ECL to TTL 

Sometimes, the input data is at a faster rate, but the output data is at a slower rate like in 
demultiplexers. An ECL to TTL logic translator will be of use in such cases. 


TTL to CMOS 

The MOS and CMOS gates are slower than the TTL gates, but consume less space. Hence. 

there is an advantage in using T I'L and MOS devices in combination. 

The input current values of CMOS are extremely low compared with the output curren 
capabilities of any TTL series. Thus, TTL has no problem in meeting the CMOS1 input 
current requirements. So. a level translator is used to raise the level of the output vc bag 
or the TTL gate to an acceptable level for CMOS. The arrangement is shownLf* "W; 
where the TTL output is connected to a + 5 V source with a pul -up resi . 
of the pull-up resistor will cause the TTL output to rise to approximately + 5 V,n the HIGH 

state, thereby providing an adequate CM0S resistor cannot be used to 

If the TTL Has to drive a htgl. voltage CMOS the P“U ip ^ m js sensitive 

ratsc the level of the TTL output to the level oft to .CMOS mp ^ ^ ^ m , o 

to voltage levels. In such a case, an open collte 

voltage CMOS as shown in Fig. 11.37b. 



CMOS to TTL 


fhe CMOS outpu, can supply J 0 ** . “IS™is mq^ed' forZ HIGH 
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+ 5V 



+ 5 V 



+ 10 V 




(a) 


(b) 

Fig. It.37 TTL to CMOS interfacing. 


. ->* I OW state cannot be met directly. 

Therefore' aLOW input current requirement and a sufficiently high 

Theretorc. an interlace e riunc buffer serves this purpose. The arrangement is 

output current rating is required. A CMOS butter senes P V 

shown in Fig. 11.38a. 


3 > 

CMOS 



Buffer TTL inputs 


(a) 

Fig.11.38 


+ 


CMOS 



CMOS to TTL interfacing. 


When a high voltage CMOS has to drive a TTL gate, a voltage level translator that 
converts the high voltage input to a + 5 V output is used between CMOS and TTL as shown 

in Fig. 11,38b. s 


SUMMARY 

• Propagation delay is the average transition delay time for a pulse to propagate from 
the input to the output of a switching circuit. 

• The fan-in of a logic gate is defined as the number of inputs the gate can handle. 

• The fan-out of a logic gate specifies the number of standard loads the output of a gate 
can drive without impairing its operation. 

• A standard load is usually defined as the amount of current needed by an input of 
another gate of the same logic family. 

• The noise margin represents the maximum noise signal that can be tolerated by a gate. 

• The power dissipation of a logic gate is the supply power required by the gate to 
operate with 50% duty cycle at a specified frequency. 

• The speed-power product is called the figure of merit of an IC family. It is the product 
of the propagation delay and the power dissipation per gate. 
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. The R TL, DTL, DCTL, and HTL logic families are now obsolete 

. The TTL is the most widely used logic family. There are eight TTL subfamilies 

. I he TTL gales may be totem-pole type or open-collector type or tri-state type 

. The totem-pole outputs cannot be wired ANDed whereas opcn-collector outputs can be. 

. A TTL circuit acts as a current sink in Ihe LOW state and as a current source in the 
HIGH state. 

• The 1 TL is the fastest of all saturated logic families. It is used in SSI and MSI ICs. 

i ' 1 111 Uscs large resistors to reduce the power requirements, which 

consequently reduce its speed of operation. 

• High speed '1 fL uscs smaller resistors and a Darlington pair in place of Q-, to increase 
its speed. 

• The speed of Schottky TTL is higher than that of standard TTL, because in Schottky 
TTL the transistors are not allowed to go into saturation by connecting a Schottky 
barrier diode between the base and the collector of each transistor. 


The totem-pole configuration has the advantages of high speed and low power 
dissipation but the disadvantages are those of generation of current spikes and the 
inability to be wired ANDed. 

In T TL gates, Q 3 is called the current-sourcing transistor or pull-up transistor because 
it pulls up the output voltage to its logic HIGH level and Q 4 is called the current-sinking 
transistor or pull-down transistor because it pulls down the output voltage to its logic 

LOW level. 

A tri-state gate has three states—HIGH, LOW, and HIGH impedance state. It utilizes 
the advantages of high speed ot operation ot the totem-pole configuration and wire 

AN Ding of the open-collector configuration. 

The resistor R connected between and + T cc of an open-collector gate which 
pulls the V ml to V cc level when Q 4 is OFF is called the pull-up resistor. 

The IIL has the highest packing density and is mainly suitable for VLSI and ULSI. 

The ECL is the fastest of all logic families and is mainly used in supercomputers^ It 
is a non-saturated logic. Its logic levels are negative and complementary outputs are 

available as well. . , 

ECL gates, which are available in open-emitter configuration, can be wired e . 

The MGS logic is the simplest to fabricate. 

A MOS transistor can be connected as a resistor. 

Most modem MOSFET circuitry is constructed using 

three times faster and two times denser than their PMOS counterpart 

_ . . , . . - f c I/VI CT/1JI SI and for dedicated applications such as 

The MOS is ideally suited tor LSI/VLSI/L 

large memories, large microprocessor chips, etc. 

The MOS digital ICs use enhancement MOSFETs exclusively. 

The CMOS uses both N-channel and P-channc. MOSFETs m the --rcum ^ 
The CMOS requires the least power, whereas the ECL requires 
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t-, r wns u ideallv suited for battery-powered circuits. 

The CMOS Y . . thc i 0WC st packing density ot the MOS 

fa h n j™°b Ul h U possesses' thc 'important advantages of higher speed and ,nuch less 

power dissipation. resulting in improved noise margin. 

The CMOS can be operate a disconnec ted All CMOS inputs should be tied 

The CMOS inputs v l Z ^ -other input, 

either to a fixed voltage level (0 do 

The speed of the CMOS gate increases with increase in DD - 
The noise margin of CMOS gales ,s 30% of >W There,0 , 

preferred in noisy envlr ° ra "““' f its adva ntagcs over the other logic 

At higher frequencies, the CMOS loses some 

fami ‘ i “‘ f run , ratcs depends on ihc maximum permissible value of the propagation 

The fan-out ot CMOS ga e pe increases with increase in load. 

Hpi av The propagation delay ot a lmu^ gait umv , 

Ea h CMOS load increases the propagation delay ot the driving circuit y ns, 

^ each CMOS input typically presents a 5 P F load lo ground. 

The CMOS has large fan-ou, because of its low ouipu, resistance. 

The CMOS is faster than NMOS because of its sntailer output res,stance than that ol 

The CMOS logic gates are available with open-drain outputs, similar to their TTL 
counterparts w r ith open-collector outputs. 

. The open-drain CMOS gates can be wired ANDed. 

. a transmission t-ate is simply a digitally-controlled CMOS switch. It is a bilateral 


device, 

* Both NMOS and PMOS are more economical than CMOS because of their greater 
packing density than that of CMOS. 

. When power consumption and physical size are the prime design considerations, as 
in digital watches and calculators, the dynamic MOS logic is preferred. 

* Interfacing means connecting the outputs of one circuit or system to the inputs of 
another system with different electrical characteristics. 

* Level shifters are specially designed ICs which arc used to make devices from 
different logic families compatible with each other. 


QUESTIONS 

Explain the following terms with reference to a gale: (a) propagation delay, (b) lan-in 
fc) fan-out, (d) noise margin, and (e) speed-power product. 

2. What do you mean by a standard load? 

3 . Name the different technologies that are used to manufacture ICs. 

4. What are the merits and demerits of the TTL family? 
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5 . Name the TTL outputs which can be wired ANDed and which cannot be 

6 . Find the logic output of a TTL NAND gate that has all its inputs unconnected. 

7. What arc the two acceptable ways to handle unused inputs to an AND gate? 
g When docs a TTL circuit act as a current source? As a current sink? 

9 . Name the three types of TTL gates. 

IQ, Which TTL scries is most suitable for a battery-powered circuit operating at 10 MHz? 

11 . What is wired ANDing? 

12. Why shouldn’t logic devices with totem-pole outputs be wired ANDed? 

13 . How do open-collector outputs differ from totem-pole outputs? 

14. Why do open-collector outputs need a pull-up resistor? 

15. Why arc open-collector outputs generally slower than totem-pole outputs? 

16. What factors arc involved in determining the value for the pull-up resistor? 

« 

17 . What are the three possible output states of a tri-state IC? 

18. Why is low power TTL slower than the standard TTL? 

19. What do you mean by Schottky TTL? Why is it faster than the standard TTL? 

20. Which TTL series is the most suitable at high frequencies? 

e 

21. What are the characteristics of the ECL family? 

22. Which is the non-saturated logic? 

23. Which logic gives complementary outputs? 

24. Which logic is preferred in superfast computers? 

25. What determines the fan-out limitations of the MOS logic. 

26. Why does the MOS family mostly use NMOS devices? 

27. Why are MOS ICs especially sensitive to static charge? 

28. What precautions need to be observed in the design and handling of MOS ICs? 

29. What factors limit CMOS tan-out? 

30. Which CMOS series are compatible pin for pm with TTL? 

31. What should be done with unused CMOS inputs. 

_ « t fnilnwW CMOS characteristics as r D0 is 

32. Describe what happens to each of the fo g _, w : tr hinir soeed 
increased? (a) noise margin (b) power dissipation (c s 

In which application is CMOS ideally suited. 

Which special CMOS circuit has no TTL or ECL counterpart. 

What do you mean by a transmission gate? ^ bilatera | sw i, ch ? 

Describe the operation of a CMOS bilaiera sw 
Compare the following technologies: 

(a) Bipolar and CMOS (b) TTL and MOS (c) MOS and 
Compare TTL. ECL. UL, MOS and CMOS with respect to fan-in, fan-cut, no,si 
margin, and P D . 


33. 

34. 

35. 

36. 

37. 


38, 
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39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 
47 


48 


49 
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Wha, arc the merits and demerits of various 

What do you mean by dynamic MOS logic? When ,s .t preferred. 

What do you mean by interfacing? ' ^ 

Which .s the fastest logic family ? The ^lowest am. densi , y? 

Which family has the h.glKS. The most comp | e x to fabricate? 

Which logic is the simples b ^ VLSI? For VLSI and ULS1? 

Which logic family ,s suable fb SSI £ MS, powcr? 

Which logic family consumes the least po . ^ 

With the help of neat circuit diagrams, explain 

(a) A two-input TTL NAND gate 

(b) A two-input ECL OR/NOR gate 

(c) 11L NAND and NOR gates. • // .t 

With the help of a neat circuit diagram, explain the working of. 

(a) A MOS inverter 

(b) A two-input MOS NAND gate 

(c) A two-input MOS NOR gate 

With the helo of a neat circuit diagram, explain the working of. 


(a) A CMOS inverter 

(b) A two-input CMOS NAND gate 

(c) A two-input CMOS NOR gate 

50. When NAND gate inputs arc tied together, they are always treated as single load on 

the signal source. True or False? , 

51. True or False? |, | .'Jijm 

(a) The CMOS is faster but consumes more power than MOS families do. 

(bj The CMOS can pack more circuits on a chip than TTL can do. 

(c) The CMOS devices arc ideal for battery-operated circuits. 

(d) In a CMOS inverter, both MOSFETs are ON at the same time. 


52. True or False? ^ ^ 

fa) In ECL, the high speed of operation is obtained by preventing saturation of transistors 
(b) ECL circuits usually have complementary outputs. 

(c > The noise margins for ECL circuits are larger than those for TTL circuits. 

(dt ECL circuits do not generate noise spikes during state transitions. 

(e) ECL devices require less power than that by standard TTL. 

(0 ECL can be easily used with TTL. 


Chapter 12 


S E Q UENTIAL M AC H IN ES 


12.1 INTRODUCTION 

Switching circuits are of two types-—combinational and sequential. Combinational circuits 
arc those in which the output at any instant is the function only of the present circuit inputs. 
Sequential circuits are those in which the output at any instant is the function not only of 
the present inputs to the circuit but also of the present state (i.e. the past history or stored 
information at that time) of the circuit. A combinational circuit gives the same output at any 
lime for identical input conditions (because these circuits do not have memory), whereas 
for identical input conditions, a sequential circuit may give different outputs at different 
instants of time (because these circuits have memory). Logic gates are combinational 
circuits. The traffic light system and the lock on a safe which remember not only the 
combination numbers but also their sequence, are examples of sequential circuits. Sequential 
circuits may be of asynchronous or synchronous type. In synchronous sequential circuits, 
there is a master oscillator that provides regular timing pulses. The only time that events 
are permitted to occur, is during one of these timing pulses. Except for propagation e ays^ 
the circuit is inert at other times. Magnetic tape reader and synchronous counter arc 
examples of synchronous systems. In asynchronous systems, events occur a er 
previous event is completed. There is no need to wait for a timing pu sc. c ripp e cou 

is an example of this system. 


2.2 THE FINITE STATE MODEL 


finite state machine is an abstract model describing the synchronous machine is 

d its spatial counterpart, the iterative network. The behaviour of a finite 

scribed as a sequence of events that occur at di scrct ^also responding by 
-• Suppose that the machine has been receiving p - w ‘ . • a i x (t) to the 

educing output signals. If. n °w at time i. wc were to^ftpy •» ^ ^ jflpuK * the 
lchme * thc response z(t) would depend on a( ) _ - tjes 0 f possible histones, it 

ichine, and since a given machine might have an in ^ nn ract j ce it is impossible to 
mid need an infinite capacity for storing them. . w wil | concentrate on those 
iplemcnt machines which have infinite storage cap . * finite number of 

ichines whose nast hisiories can affect their future behauoa , ntimh „ r 0 r 
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.. . . h amonc a fmite number of classes of input histories, 

states. These machines can dist,r '^"' - >cd * as thc internal states of the machine. Every 
These classes of input histones » ■ # fmite numbc r of memory devices, 

finite state machine, theretore^ Hiaoram 0 f a synchronous sequential machine. The 

' " . " via these 


cat 1 t -i n c a tmite numoci ui - 

ui-iic state machine, therefore c . f a synchronous sequential machine. The 

Figure 12.1 shows .he schem agra^o ^ y ^ ^ ci(cui , via these 

circuit has a finite number l ot inpui 


Clock pulse 


x, 


■m 


—^ - n 

1 y> 1 

■ m* mm ■' ■ * B *** 

-1 - h 
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—: 
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- 

■K 
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i 
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y* 1 


Y 

1 k 


Fig. 12.1 Block diagram of a finite state model. 

, . i 0 f input variables. Each input variable may take 

r : “ifv^’a % ti g* .<* **- a 

“ the symbo1 of the alphabe ' 

, :4 u v rs asis.ig 

!_]. z 2 , -mJ P .• t-l , n f q — 2 m ordered w-tuples is called 

m-tuple of Os and Is is an output configuration. The set ot q ^ 

the output alphabet and is given by 

0 — [O), 0 2 , 0$,.,-y0q\ 

Each output configuration is called a symbol of the output alphabet 
The signal value at the output of each memory element is rel erred to , 

variable and the set (y„ constitutes the set of slate variables. The or 

values at the outputs of k memory elements y„ y 2f .■•»>'* defi nes tlie present in em 
the present state of the machine. The set S of n = 2 , ^-tuples constitutes the en ire 

states of the machine. 


S - [S„ S 2 , 5j,...,SJ 

The external inputs i t , x 2 ,...,x ( and the values of the state variables yj, y 2 ,---> . 

supplied to the combinational circuit, which in turn produces outputs z h z 2 ,-.-, an 
values > , Y 2 ,....,Y k . The values of the Ys which appear at the output of the combination- 
circuit at time f determine the state variables at time t + 1, and therefore, the next state 
the machine. , 

Synchronization is achieved by means of clock pulses. The clock pulses may be app 1C 
to various AND gates to which input signal is applied. This allows the gates to transmit 
signals only at instants which coincide with the arrival of clock pulses. 
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State Diagram 

The state diagram or state graph is a pictorial representation of the relationships among the 
present State, thc input, thc next state, and the output of thc finite state sequential machine. 
The vertices of thc graph represent the states of the machine. The directed arcs emanating 
Irom each vertex indicate thc state transitions caused by various input svmbols. The label 
on the directed arc indicates thc input symbol that causes the transition, and thc output 
symbol that is to be generated. 

State Table 


The state table is a tabular representation of the relationship between the present state, the 
input, the next state, and thc output. Each column of the state table corresponds to one input 
symbol, and each row ol the state table corresponds to one state. The entries corresponding 
to each combination of the input symbols and the present state specify the output that will 
be generated and the next state to which the machine will go. If there are p input symbols 
and n states in the state table os a machine, then such a machine can in practice be realized 
by a circuit with / = [log 2 p] input terminals and k = [log 2 n] memory elements where [ g] 
is the smallest integer larger than or equal to g. 

Both the state diagram and the state table contain the same information and the choice 
between the two representations is a matter of convenience. Both have the advantage of 
being precise, unambiguous, and thus, mere suitable tor describing the operation of a 
sequential machine than that by any verbal description. 

[‘he succession of states through which a sequential machine passes and the output 
sequence which it produces in response to a known input sequence, are specified uniquely 
by thc state diagram or by thc state table and the initial state. The initial state reters to the 
state of the machine prior to the application ol he input sequence and final state refers to 
the state of the machine after the application ol the input sequence. 

Thc state of a memory element is specified by the value of its output, which may 
assume either a 0 or a 1. The present state of the sequential machine indicates the present 
outputs of the memory elements used in the machine. The next state ol the machine 
indicates the next outputs of thc FFs that will be obtained when the present inputs are 
applied to the machine in thc present state. The process ot assigning the states ot a physical 
device to the states of the sequential machine is known as state assignment. The output 
values of the physical device are reterrdd to as state variables. 


Transition and Output Table 

The transit ion and output table can be obtained from the state table by modi fy ingthe e ^ ^ 
of the state table to correspond to the states of the machine, in accordance wit e s ® ' _ 

state assignment. In this table, the next state and output entries are separate 

sections. . 

The entries of the next state part of this table define thc necessary state ransi ^ 

the machine and, thus, specify the next values ot the outputs ot t e s “ s ' , . 

state part o the state table is called the transition table. The outpu^ pa . 

indicates thc output of the sequential machine for various input combinations app 

machine, which is in the present state. 
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Excitation Table 

Th e cxcltauo „ table of a sequent,al machine gives information about the excitations or inputs 

required to be applied to t em W It a | s0 gives infonnation about the outputs 

machine from the present state to the next state^ t a t expressions for the 

of the machinet aft" “ J^ machine can be obtained by minimizing the 

"“ns 11 from the litanon table using K-maps. The circuit can be realized 

usinc these minimal expressions. 


12.3 MEMORY ELEMENTS 

The vartous memory elements ^'^.or'e Sf 'Z 

at So* only one state vTnabTe is required to represent the output. Each FF has two states 

X ^ voyage level, while the output stgnals of FFs arc usually voltage levels. 

D Flip-flOp 

The excitation requirements, the excitation table together with the logic symbol ot the D llip- 
flop are shown in Fig. 12.2a to c. ; 


Circuit change Required 

From To input 


Q(t) 

Q(t+1) 

D(t) 

0 

0 

0 

0 

1 

1 

1 

0 

0 

1 

1 

1 


13 ) Excitation requirements 


Present Input Next 
state (PS) to FF state (NS) 


Q(t) 

D(t) 

Q(t+1) 

0 

0 

0 

0 

1 

1 

1 

0 

0 

1 

1 

1 


(b) Excitation table 



(c) Logic symbol 



PS 

N/S. 

O/P 


O 

11 

o 

D = 1 

0 

0, 0 

1, 1 

1 

o. 0 

t. 1 


(e) State table 



f i Ge r *erai state diagram 


(g) K-map for Q(t+1) 

Fig. 12.2 D flip-flop. 


(h) Moore model 
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The state diagram and the state tabic are shown in Fig. 12.2(d) and (e), respect,vely 
Tl ,is state diagram is known as the Mca y model. Each node in the state diagram represents 
articular state of the flip-ilop (0 or 1). The labels on the arcs indicate the input/output 
,hc inpul that is given when the FF is in a particular state and the corresponding output’ 
The directions of arrows point to the next state the FF will go after the input is applied 
If initially the FF is in a 0 state, a 0 input keeps the FF in the same state and a 1 input 
kcs the FF to a 1 state. If initially the FF is in a 1 state, a 1 input keeps the FF in the 
mic state, whereas a 0 input takes the FF to a 0 state. 

The general state diagram, the K-map for the next state and the Moore model of the 
state diagram are shown in Fig. 12.2(0 to (h), respectively. In the general state diagram, 
anc j c represent the slates of the FF and I t and I 2 correspond to the input conditions. 
In the Moore model, the state code and the value of the output are written inside the circle. 
The directed line joining one node to the other, or looping back to the same node, has the 
value of the input written beside the line. In other words, each arc is labelled with the input 
condition that causes the transition and the circle contains the code for the internal slate and 

the output state. „ , . . 

From the K-map we see that the next state of the D FF, Q(t +1), can be expressed m 

terms of its present state Q(t) and the present excitation D(t) as 

Q{t + 1) = D(t) 

T Flip-flop 

The T flip-flop toggles, i.e. changes state whenever the T input 1 table, 

same state whenever the T input is a 0. The excitation requiran ...^ stat e 

and the logic symbol of the T FF are shown tn F.g. 12.3a to c respect y 

diagram and the state table are shown in Fig. 12.3d and e, respectively. 


Circuit change Required 
From To input 


Q(t) Q(t+1) T(t| 

0 d o 

0 1 1 

1 0 1 

1 1 o 


Present Input Next 
state (PS) to FF state (NS) 

Q(t+1) 


Q(t) T(t) 


0 

0 

1 

t 


0 

1 

0 

1 


0 

1 

t 

0 


(a) Excitation requirements 


(b) Excitation table 



(d) State diagram 

Fig. 12.3 T flip-floP 


CLK 



(c) Logic symbol 



(e) State table 
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n ,, <hrK „v,o for the next slate of the T FF in terms of the present state «,) and 
thc p D r :r input w L simplifying it as shown in Fig. 12.4, the next state «, + is 

ou + i) - Q(oni) + QU)Tu) = 00) ® no 


Q,.) S V°_i 


0 

1 

1 

0 


Fig. 12.4 K-map for Q(l + 1) of T flip-flop. 


S-R Flip-flop 

Th ■ excitation requirements, the excitation table and the logic symbol of the S-R FF are 
Ihown in Fig. 12 5a to e. respectively. The state diagram and the state table are shown ,n 

Fig. 12.5d and e, respectively. 
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(a) Excitation requirements (b) Excitation table (c) Logic symbol 



PS 

NS, O/P 


SR SR SR 


0 0 0 1 1 0 

0 

0, 0 0, 0 1,1 

1 

1. 1 0,0 1,1 


(e) State table 


Fig. 12.5 S-R flip-flop. 


Drawing the K-map for thc next state of the FF in terms of thc present state 0(0 a,,( * 
the present inputs 5(f) and R(t) and simplifying it as shown in Fig. 12.6, thc expression for 

the next state Q(t + 1) is 


Qit * I) = 0(0* (0 + 5'(/) 


Fig. 12.6 
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K-map for Q{f + 1) of S-R flip-flop. 

j-K FLIP-HOP 

The excitation requirements, thc excitation table and the logic symbol of the J-K FF are 
shown in Fig. 12.7a to c, respectively, The state diagram and the state tabic arc shown in 
Fig. 12.7d and c, respectively. 
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(a) Excitation requirements 

11/1 


(b) Excitation table 


(c) Logic symbol 



00/1 

10/1 


PS 


NS, O/P 


JK JKJKJK 

ooo iioii 


0 , 0 0 , 0 1,1 1.1 

1.1 0.0 1,1 0.0 


(d) State diagram 

Fig. 12.7 J-K flip-flop. 


(e) State table 


The K-map for rhe nex. state of .he J-K FF in fern* of the P-sen. sure «0 «* .he 
iresent inputs J(t ) and K(t) is shown in Fig. 12.8. The next s Q{ 

Q(t + 1) = .7(00(0 + QV)K(0 


\J(t) K(t) 

Q(tN 0° 01 _H 



Fig. 12.8 K-map 


for Q(l + 1) of J- K 
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12.4 SYNTHESIS OF SYNCHRONOUS SEQUENTIAL CIRCUITS 


The main steps in the general method 
of memory elements are as follows. 


for designing sequential circuits using various types 


1 . From a word description of the problem, form a slate table or state diagram which 
specifies the circuit performance. 

7 Check this to ble to determine whether it contains any redundant states. Develop the 
state table so that it does not contain any redundant states. 

3 Select a state assignment and derive the transition and output table. 

4 Select the type of the memory element to be used and draw an excitation table. 

5 Using K-maps, obtain the minimal expressions for the excitation and output 
functions from the excitation table. 


Draw the circuit diagram using these minimal expressions. 


12.5 SERIAL BINARY ADDER 

The block diagram of a serial binary adder is shown in Fig. 12.9. It is a synchronous circuit 
with two input terminals designated X { and X 2 which carry the two binary numbers to be 
added and one output terminal 2 which represents the sum. The inputs and outputs consist 
of fixed-length sequences of Os and Is. The addition is performed serially, i.c. the least 
significant digits of the numbers X x and X 2 arrive at the corresponding input terminals at 
/,: a unit time later the next significant digits arrive at the input terminals, and so on. The 
time interval between the arrival of two consecutive input digits is determined by the 



Fig. 12.9 Block diagram of the serial binary adder. 


irequency of the circuit’s clock. ! We delay within the combinational circuit is small with 
respect o the clock frequency and thus the sum digit arrives at the 2 terminal immediately 
following the arrival of the corresponding input digits at the input terminals. 

°f- serial adder z i at time t, is a function of the inputs jc t (r,) and x^Ui) 
at that time /, and of a cany which had been generated at The carry which represents 
tne past history of the serial adder may be a 0 or a 1. So, one FF is required to store it 
an one state variable is required to represent it. Thus, the circuit has two states. If 0116 
taie indicates that the carry from the previous addition is a 0, the other state indicates that 
the carry from the previous addition is a 1. 

, ^ de. igridtL the state of the serial adder at t ■ if a carry 0 was generated at /, i* and 

e - es gn ; c the state of the serial adder at t, if a carry 1 was generated at /,_ The state 
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Ul UJt “Wiwi 




, . . ' ■■-r—« icu is liiuicu to as ine present state 

<PS), and the slate to which the adder goes as a result of the new carry value is referred 
to as the next state (NS), 

7hc be! ™ VI0Ur I ,f a Scrial adtlcr ma y bc conveniently described by its state diagram and 
the State table as shown in Fig. 12.10. The state diagram shows that if the machine is in 

state A, i.c. carry from the previous addition is a 0, the inputs x, = 0, x, = 0 give sum 0 

and carry 0. So, the machine remains in state A and outputs a 0. Inputs x, = 0 and = l 

give sum 1 and carry 0, so, the machine remains in state A and outputs a 1. Inputs * 2 = j 

*2 0 glve sum 1 and ca,T y °» so ’ lhc machine remains in state A and outputs a 1. but the 

mpuis a, - 1, -»2 - 1 give sum 0 and carry 1, so, the machine goes to state B and outputs 

a 0. 



01/0 

10/0 

11/1 


PS 


NS. O/P 

Xh,X 2 



bo 

0 1 10 

1 1 

A 

A, 0 

A,1 A. 1 

B. 0 

B 

A. 1 

B, 0 B. Q 

B. 1 


State table 


Fig. 12.10 State diagram and state table of the serial adder. 


If the machine is in state B, i.e. carry' from the previous addition is a I, inputs x, = 0, 
v 2 = 1 give su m 0 and carry 1, so, the machine remains in state B and outputs a 0. Inputs 
a'i = 1, ,v 2 - 0 give sum 0 and carry 1, so, the machine remains in state B and outputs a 
0. Inputs x | = 1. x 2 = 1 give sum 1 and carry 1, so, the machine remains in state B and 


outputs a I. Inputs x, = 0, x 2 = 0 give sum 
A and outputs a 0. The state table also gives 

B = 1 have already been assigned, so, the 
Table 12.1. 

Table 12.1 Transition and output table 
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NS 



O/P 




x,x 2 
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00 

01 10 
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0 0 
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0 
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0 

1 1 
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1 

0 

0 
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1 and carry' 0, so, the machine goes to state 
the same information. The states, A = 0 and 
transition and output tabic is as shown in 


Table 12.2 Excitation table 


PS 

i/p 

NS 

l/P to FF O/P 
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x, 

X, 

y 

D 

Z 

0 

0 

0 
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0 

i 

1 
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Io write the excitation table, select the memory element. Let us say, we want to use 
t> flip-flop. The excitation tabic is shown in Table 12.2. Obtain the minimal expressions for 
l) and z in terms of y, x, t and x 2 by using K-maps as shown in Fig. 12.11. Implement the 
circuit using those expressions as shown in Fig. 12.12. 
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D = yx 2 +yx,+ x,x 2 


2 = x,Xjy+ x,x 2 y + x,x 2 y + x,x 2 y = x,« x,«y 


Fig. 12.11 K-maps for the serial adder. 
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Fig. 12.12 Logic diagram of the serial binary adder. 


12.6 THE SEQUENCE DETECTOR 

A sequence detector is a sequential machine which produces an output I everytimc the 
desired sequence is detected, and an output 0 at all other times. 

Suppose we want to design a sequence detector to detect the sequence 1010 and say 
that overlapping is permitted, i.e. for example, if the input sequence is 01101010 the 
corresponding output sequence is 00000101. We can start the synthesis procedure by 
constructing the state diagram of the machine. 

The state diagram and the state table of the sequence detector are shown in Fig. 12.13. 
At time / . the machine is assumed to be in the initial state designated arbitrarily as A. While 
in this state, the machine can receive input, either a 0 or a 1. If the input bit is a 0, the 
machine does not start the detection process because the first bit in the desired sequence 
is a 1. So. it remains in the same state and outputs a 0. Hence, an arc labelled 0/0 starting 
and terminating at A is drawn. If the input bit is a 1, the detection process starts, so, the 
machine goes to state B and outputs a 0. Hence, an arc labelled 1/0 starting at A and 



State diagram 


PS 

NS, 

Z 

x = 0 

X = 1 

A 

A, 0 

B, 0 

8 

c.o 

B, 0 

c 

A, 0 

D, 0 

D 

C. 1 

B. 0 


State table 


Fig. 12.13 State diagram and state table of a sequence (1010) detector 
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terminating at B is drawn. While in state B, the machine may receive a 0 or a l bit If the 
bit is a 0, the machine goes tp the next state, say state C, because the previous two bits 
are 10 which are a part of the valid sequence, and outputs a 0. So, draw an arc labelled 
0/0 from B t0 C* If fh c bit is a 1, the two bits become 11 and this is not a part of the valid 
sequence. Since ovet lapping is permitted, the second 1 may be used to start the sequence 
so, the machine remains in state B only and outputs a 0. So, an arc labelled 1/0 starting 
and terminating at B is drawn. While in state C, the machine may receive a 0 or a 1 bit. 

If it receives a 0, the last three bits received will be 100 and this is not a part of the valid 
sequence and also none of the last two bits can be used to start the new sequence. So, the 
machine goes to state A to restart the detection process and outputs a 0. Hence, an arc 
labelled 0/0 starting at C and terminating at A is drawn. If it receives a 1 bit, the last thiee 
bits will be 101 which are a part of the valid sequence. So, the machine goes to the next 
state sa y s tate D, and outputs a 0. So, an arc labelled 1/0 is drawn from C to D. While 
in state D, the machine may receive a 0 or a 1. If it receives a 0, the last four bits become 
1010 which is a valid sequence and the machine outputs a 1. Since overlapping is permitted, 
the machine can utilize the last two bits 10 to get another 1010 sequence. So, the machine 
goes to state C (if overlapping is not permitted or the machine has to restart after outputting 
a i the machine goes to state A). So, an arc labelled 0/1 is drawn from D to C. If it 
receives a 1 bit the last four bits received will be 1011 which is not a valid sequence. So, 
the machine outputs a 0. Since the fourth bit 1 can become the suiting bit for the valid 
sequence, the machine goes to state B. So, an arc labelled 1/0 is drawn trem D to . 

There arc four states, therefore, two state variables are required. Two suravanatles 
can have a maximum of four states. So, all states are unbred and thus there a ra no invalid 

states. Hence, there are no don't cares. Assign the states ar itrari y. e Select 

C -» 10, and D -> 11 be the state assignment. With .his assignment draw Table 12.3. 

the memory elements and draw the excitation Table 1-.4. 


a s + ~ki q Tahle12 4 Excitation table 
Table 12.3 Transition and output table TaDle it. _ 
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Draw the K-maps and simplify them to obtain the minim ^ P v v - 2> x 1 ^' n 

m terms of >■„ y 2 and x as shown in Fig. 12.14. The e.xprcssio minima | expressions 

it* ' ti.. tv. HA Tin* Ineic diagram based on mest 
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D, = X 


D, = y 2 x + y,y*x 

Fig 12.14 K-maps for D^ and D 2 of the sequence (1010) detector. 


CLK 



Fig. 12.15 Logic diagram of the sequence (10 i0) detector using D flip-flops. 


12.7 PARITY-BIT CENERATOR 

A serial parity-bit generator is a two-lcrminal circuit which receives coded messages and 
adds a parity bit to every m bits of the message, so that the resulting outcome is an error- 
detecting coded message. The inputs arc assumed to arrive in strings ol three symbols 
(m = 3) and the strings are spaced apart by single time units ii.e. the fourth place is a blank). 
The parity bits arc inserted in the appropriate spaces so that the resulting outcome is a 
continuous siring of symbols without spaces. For even parity, a parity bit I is inserted, if 
and only if the number o Is in the preceding string o; three symbols is odd. Lor odd parity, 
a parity bit 1 is inserted, if and only if the number of Is in the preceding string ol three 
symbols is even. ' '* 


Odd Parity-bit Generator 

I he state diagram and the state table of an odd parity-bit generator arc shown in Fig. 12.16. 
States B, D, and F correspond to even number of Is out of 1, 2, and 3 incoming inputs, 
respectively. Similarly, states C, E, and G correspond to odd number of Is out of I, 2, and 
3 incoming inputs, respectively. From either state F or state G, the machine goes to state 
regardless of the input. !n tact, the fourth input is a blank. 

Since the slate diagram contains seven states, three state variables are needed for an 
assignment But since three slate variables can have a total of eight states, one ol the states 

v. ill nut be assigned and its entries in the corresponding state table may be considered as 

don t cares. 
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X = 1 

A 

B.O 

c.o 

B 

D. 0 
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C 

E. 0 

D. 0 

D 

F. 0 

G. 0 

E 

G, 0 

F, 0 

F 

A. 1 

A, 1 

G 

A, 0 

A.O 


State table 


Fig. 12.16 State diagram and state table of a 3-bit odd-parity generator. 


The state assignment is not unique. Many possible assignments are there. One possible 
assignment is A -> 000, B 010, C -» Oil, D -» 110, E -> 111, F 100, and G -> 
101. With this assignment the transition and output table is given in Table 12.5. 

Select the memory elements. Suppose J-K flip-flops are selected. For implementing the 
parity-bit generator using J-K flip-flops, draw the excitation table as shown in Table 12.6. 
The minimal expressions for excitations J h K h J 2 , K 2 , J 3 , K 3 of flip-flops and the output 
of the odd-parity generator z in terms ot the present state variables v 2 . y 3 and the input 
.v can be obtained using K-maps as shown in Fig. 12.17. The logic diagram based on those 

expressions is shown in Fig. 12.18. 
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Table 12.6 Excitation table 
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K, = y 2 J 2 = y, 


Also from K-maps for K 2 . J 3 and z K 2 = y,; J 3 = y 2 x + y,x; K 3 - x + y 2 ; z - yi y 2 y 3 

Fig. 12.17 K-maps for excitations of 3-bit odd-parity generator using J-K flip-flops. 



12.8 COUNTERS 

Design of a 3-bit Cray Code Counter 

The counter is to be designed with one input terminal (which receives pulse signals) and one 
output terminal. It should be capable of counting in the Gray system up to 7 and producing 
an output pulse for every 8 input pulses. After the count 7 is reached, the next pulse will reset 
the counter to its initial state, i.e. to a count of zero. The state assignment, the state diagram, 
and the state table of the 3-bit Gray code counter are shown in Fig. 12.19. 

There are eight states for a 3-bit counter. So, three state variables are required whici 
can give a maximum of eight possible states. So, no invalid states exist. The state 
assignment cannot be arbitrary, since the counter has to change the states in a definite 
manner. Hence, the state assignment is ~ 

000, 5, 001, S 2 -> Oil, S 3 -» 010, S 4 1 10, S 5 -> 111 , -> 101, $7 -* |0 °* 

I he transition and output table for the counter is shown in Table 12.7. j T 

To complete the synthesis, select an appropriate set of memory elements. We select 
flip-flops and draw the excitation tabic as shown in Tabic 12.8. The minimal exp ress, ° 
for excitation functions to T flip-flops, T„ T 2 and T 3 in terms of the present state variable 
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Fig. 12.19 State assignment, state diagram, and state table of a 3-bit Gray code 

counter. 


y h y 2 , y 3 , and the input x can be obtained using K-maps as shown in Fig. 12.20. From the 
excitation table, the expression for output z is 

* = yihys 


Table 12.7 Transition and output table Table 12,8 Excitation table 
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t 3 = y 3 y : y«x + 

= xyi(yj®yi) 


Tj = y 3 y 2 yi x + yiswi* 

= xy,(y 2 oyj) 


T, = xy,0(y 2 ©y 3 ) 


= *Yiin w n/ 

Fig. 12.20 K-maps for excitations of 3-bit Gray code counter using T flip-flops. 

, AKjrvrf with t he clock signal, and the output of the AND gate 
The input signal x can be _ CQUnter thus changes state only when x- 1, because 

given as clock signal toeac * the external clock to the clock terminal of FFs. 

only at that time the AND g receive no clock and the counter remains 

K in Ta b ,e ,2., Tbe — expressions 

obtained from K-maps are shown in Fig. 12-21. 
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= yi(y 2 © y 3 ) 


Wy 



00 

01 

11 

10 

0 


1 



1 



1 



t 2 = yi(y 2 ® y 3 ) 



Fig. 12.21 K-maps for excitations when x is ANDed with clock. 

1 * j-j 

The expressions in both the cases arc the same, but the design is simpler i 
case. The logic diagram based on these expressions is shown in Fig. 12.22. 


lid 


Sequential Machines 531 



An iterative network is a digital structure composed of a cascade of identical circuits or 
cells. An iterative network may be sequential in nature, where each cell is a sequential 
circuit, e.g. the counter or a shift register which consists of a number of cascaded flip- 
flops, or it may be combinational in nature where each cell is a combinational circuit. The 
description and synthesis of combinational iterative networks are similar to those of 
synchronous sequential circuits. Every finite output sequence that can be produced 
sequentially by a sequential machine can also be produced spatially (or simultaneously) by 
a combinational iterative network. The number of cells in an iterative network must equal 
the length of the input patterns applied to it. 

The general structure of an iterative network has the form shown in Fig. 12.23. The 
external inputs applied to the /th cell are designated as where the ith cell is 

counted from the left. The cell outputs are designated as z n , z l2 ,...^ irn . In addition, each cell 
receives information from the preceding cell via the inter-cell carry leads >,,, y, 7 ,... v v’ t1( which 
arc called the input carries and transmits information to the next cell via the inter-cel! carry 
leads r ( .],y i2 ,..,,y. k called the output carries. The inputs are applied to all the cells 
simultaneously and the outputs are generated instantaneously. 



Fig, 12.23 General structure of an iterative network. 

Analogy between Sequential Machines and iterative Networks 

I he operation of a sequential machine can be described b\ ii> table, which specifies 
lor each combination of machine inputs and the present state of the machine, the values o 
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. . state „f the machine. An iterative network is composed 

the machine outputs an t e n The operation ot a cell can be described by 

of a cascade of identical c,rcu, “ f each combination of cell inputs and input carries, 
means of a cell,able , which sp c ^ lor cac^ ^ a ^ ^ cach row corres ^ nds , 0 

the values of cell outputs and t I ^ jnpul combinat ion. In a cell table, cach row 
a State of the machine and eacn c . tbl , in , e r-cell input carries and each column 

corresponds to the distinct signal c ^ ^ table represents the next state and the 
to the input combination, tacn Qf lhe ce |i table represents the output carries 

output of the sequential machine. 

and the output of the cell. jg se i ec ted for the iterative network as for the 

[n general, if the same ass, S n . cd , and the combinational logic of the 

sequential machine, then the !ogie cl I ^ ^ sequentia i case, information is fed through 

sequential machine are utoinu* 1. compula ,ion is executed instantaneously by using 

delays, in the iterative network the cells simultaneously and the outputs 

many identical cells number of cells in an iterative network 

sr?- <— app,ied ,o u - 

oesign or a sequence Detector Using iterative Networks 

U. as design an iterative ne-- detect t, pattern ^£» 

iterative network which consit* output z The inputs are applied to all the cells 

cell contains a smgle input x and ^ ^ ^ , f ^ mpu , pattern of the four cells . - 3, 

simultaneously. The outp , _ . v _ q x . — 1, and - 0. 

i - 2, i - 1, » nd ' is 1010 ’ 1C /' - 3 ’ ,' 2 'x corresponding to the four possible 

The cell table must have four rows ( - ? designates the signals 

distinct signals delivered by the -ter-cel input ^ is 101 . Row C 

received by the /th cell, when the input patte P oa ttem in the preceding two 

designates the signals received by the ith cell, when . he P . th P cdl when the input to the 
cells is 10. Row B designates the signals received y ’ h u jf it is the first 

preceding cell is a 1. Row A designates the signals received by the ,th 

cell or if no valid bit is received by its preceding cells he Jth ce il can 

From these inter-cell incoming signals and from the ce _ P ^ next cd | v i a the 
compute the necessary cell output and the signals to be transmitted 
oumut carry leads. The state diagram and the cell table are shown m Fig. 12.2 



Fig. 12.24 


State diagram 
State diagram 


Cell table 

and cell table of sequence (1010) detector. 
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If wc assign the states A -> 00. B -> 01, C -> 10, and D ^ II, the transition and 
output table and the output canics and cell output table will be as shown in Table 12.10 
and Table 12.11, respectively. 

Table 12.10 Transition and output Table 12.11 Output carries and 

ta ^' e cell output table 


PS 


NS 

Output, z 

Input carries 

\JP 

x, 

Output carries 

Y„ Y a 

O/P 

* = 0 

X, = 1 

x, = 0 

x, = 1 

y.i 

y* 

00 

00 

0 1 

0 

0 

0 

0 

0 

0 

0 

0 

01 

1 0 

0 1 

0 

0 

0 

0 

1 

0 

1 

0 

1 0 

00 

11 

0 

0 

0 

i 

0 

1 

0 

0 

11 

t 0 

0 1 

1 

0 

0 

i 

1 

0 

1 

0 






i 

0 

0 

0 

0 

0 






1 

0 

1 

1 

1 

0 






1 

1 

0 

1 

0 

1 






1 

1 

1 

0 

1 

0 


The minimal expressions for output carries K l( and Y n in terms of the inpul carries y,, 
and y i2 and input x, obtained by using K.-maps and the combinational circuit for the ith cell 
based on those minimal expressions, are shown in Fig. 12.25. An iterative network to detect 
the pattern 101010 is shown in Fig. 12.26. 




Y,i=y,,yax,+ y^x t 


Y., = X, 


z,= y..y*x. 


Combinational circuit for the/th cell 


Fig. 12.25 K-maps and logic diagram for the ith cell. 



Fig. 12.26 Iterative network to detect the pattern 101010. 

EXAMPLE 12.1 Design an n-cell network, where each cell has °" e C f d ! ^ 

one cell output z ( such that z, = I. >r and only if e.lher one or .wo ot the mputs 

x { x 2 ,..., j:, equals 1. 

Solution 

rflnr(ltf> nt one of the four conditions: (1) none 
The input carries (PS) to the ith cel may rep dj cc | is received a I, (3) only 

of its nrccedine cells received a I, (2) only one o p _ 
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,. . ,11 ^reived a t and (4) more than two of its preceding cells received 

•"» of its preceding cellta. s \f go. the cell tabic of the Ah cell most have 

■' I input. I.ieh Cite )h b four distinct states. Row A designates the state 

a , least four rows "££**%£* a I input Similarly, rows B, C, and D designate 
where none ot the p - or {norc of the preceding cells received a 1 input. The 

the states where one . » and Q and its equivalent for a state assignment of 

ceU table in te^s ofjtates^ ^ shown in Tables 12.12 and 12.13, respectively. 

a —> 00, B “fc OK 


Table 12.12 Cell table 

(Example 12.1) 


PS 

x, = ( 

NS. z, 

3 X, s 1 

A 

A.O 

B.1 

B 

B.1 

C.1 

C 

C.1 

D.O 

D 

D.O 

D.O 


Table 12.13 Equivalent of the cell table 

(Example 12.1) 


Input carries 

Output 

x," 0 

carries 

Xj= 1 

Output 
x = 0 x= 1 

A 00 

00 

01 

0 

1 

B 01 

01 

11 

1 

1 

C 11 

11 

10 

1 

0 

D 10 

10 

10 

0 

0 


Table 12.14 Output carries and cell output table 

(Example 12.1) 


PS 


I/P 

NS 


O/P 

Yil 

Ye 

X 

Y„ 

Y* 

z, 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

1 

1 

0 

1 

0 

0 

1 

1 

0 

1 

1 

1 

1 

1 

1 

1 

0 

1 

1 

1 

1 

1 

1 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

1 

1 

0 

0 


The output carries and cell output tabic is shown in Table 12.14. The K-maps for f,,, 
K ; . and z. (i.e. for the output carries and the output o the /th cell) in terms of yj,, y 'f ® 
jc c (the input carries and the input to the /th cell) and the minimal expressions o tame ■_ 
them are shown in Fig. 12.27. The logic diagram for the /th cell based on t ose min 
expressions is shown in Fig. 12.28. The iterative network to detect the input sequ 

0101010 is shown in Fig. 12.29. 


YeX 

y »x 00 01 11 io 
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IT 


I' 1 
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Y .c y.i+yaX, 


Yak 


Yu 


00 01 11 10 
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1 1 

1 

1 


7 "| 

_ 

_ 



i 



Xj* y^x* y tl *i 

Fig. 12.27 K-maps (Example 12.1). 
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Fig. 12.28 Logic diagram of the /th cell (Example 12.1). 



Fig. 12.29 Iterative network to detect the pattern 0101010 (Example 12.1). 


EXAMPLF. 12.2 A long sequence of pulses enters a 2-input 2-output synchronous 
sequential circuit which is required to produce an output 2 = 1 , whenever the sequence 1111 
occurs. Overlapping sequences arc accepted. For example, if the input is 01011111, the 
required output is 00000011. Design the circuit. 

Solution 

The block diagram of the detector with one input terminal and one output terminal is shown 

in Fig. 12.30. 


I/P. x 


(0 or 1) 
(2 inputs) 



O/P, z 

(0 or 1) 

(2 outputs) 


Fig. 12.30 Block diagram of a 2-input 2-output synchronous sequential machine 


Let the machine be initially in state A. The state diagram and the state table indicating 
the transition of states of the machine and, therefore, indicating its working are s own in 

Fig. 12.31. 



State diagram 


Fig. 12.31 State diagram and state table of the sequence (1 


PS 

NS. 

z 

x = 0 

X = 1 

A 

A. 0 

B.0 

B 

A. 0 

C. 0 

C 

A, 0 

D, 0 

0 

A, 0 

D, 1 


State table 

111) detector (Example 12.2). 
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anf j. arbitrary There are four states. So, two state variables are 
The state ass.gnment states . Therefore, there arc no invalid states 

needed, which can g.ve? _ 01 . C - 10. and D - ,.. The transition and 

Let the states be assigned as shown jn Tables 12.15 and 12.16, respectively, 

output table, ancI excitai ia mem ory elements. The minimal expressions f or 

• f U ! of he s uTntial In,, in tenns of the present state variables y, and 

excitations of FFs ot ■ ■ <* as shown in Fig. 12.32. From the excitation tabic the 

input x are obtained um t ^ ^ jogjc diagram of the detector based on those minimal 

expressions is shown in Fig. 12.33. 

. „ lltnilt !flh | e Table 12.16 Excitation table {Example 12.2) 

Table 12.15 Transition and output table 

(Example 12.2) 


PS 


y, Yi 


0 

0 

1 

1 


0 

1 

0 

1 


NS 


x = 0 

yjh 

oo 

00 

00 

00 


x= 1 
Wi 
01 

1 0 
11 
11 


Output, z 


x = 0 x= 1 


0 

0 

0 

0 


0 

0 

0 

1 


PS 

I/p 


NS 

I/P to FF 

O/P 

z 

Yi 

y* 

X 

Y, 

Y 2 

D, 

D 1 

0 

0 

0 

0 

u 

0 

0 

0 

0 

0 

1 

0 

1 

0 

1 

0 

0 

i 

0 

0 

0 

0 

0 

0 

0 

i 

1 

1 

0 

1 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

1 

0 

1 

1 

1 

1 

1 

0 

1 

1 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

1 

1 

1 


D, = y,x + y 2 x = (y, + y 2 )x 



0 2 = y,x + y 2 x - x(y, + y 2 ) 


: in. 12.32 K-maDS for the 



(Example 12,2). 
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EXAMPI.E 12.3 A synchronous sequential machine has a single control input * and the 
clock, and two outputs A and B. On consecutive rising edges of the clock ,he L, a a 
B changes from 00 to 0, to 10 to 11 and repeats itself iff = L “'time r^ 0 i, h„Td 
l0 the present state. Draw the state diagram and implement the circuit using T fiip-flops. 

Solution 

The block diagram of the sequential machine is shown in Fig. 12.34. 


CLK 


B 


Fig. 12.34 Sequential machine (Example 12.3). 

The given machine is nothing but a sequential circuit with two flip-flops. Lot A and B 
be the outputs of the flip-flops. So, two state variables are required which can ha\e a 
maximum of four states. There arc. no invalid states present. Let the initial state be P. 
The state diagram and the state table of the sequential machine with state assignment of 

P 00, Q -> 01, R -» 10, and S -> II 

are shown in Fig. 12.35. The transition and output table with this assignment is shown in 
Table 12.17. Let us select f flip-flops as memory elements. With T FFs. the excitation table 
is shown in Table 12.18. 

I he outputs of the machine are the same as the outputs of the flip-flops. The K-niaps, 
the minimal expressions for excitations, and the logic diagram based on those expressions 
are shown in Fig. 12.36. 



PS 

NS. z 

O 

M 

K 

x = 1 

p 

P, 0 0 

Q. 0 1 

R 

Q. 0 1 

R. 1 0 

Q 

R, 1 0 

S. 1 1 

s 

S, 1 1 

P, 0 0 


State table 


Fig. 12.35 State diagram and state table (Example 12.3). 

'ransition and output table Table 12.18 Excitation table (Example 12.3) 



(Example 

12.3) 


PS 

I/p 

NS 

Required excitation 

PS 

NS 

O/P 


y t 

y 2 

X 

Y, 

Y 2 

' 1 

1 7 
m. 

y, y> 

x = 0 x = 1 

x = 0 

x ■ 1 

0 

0 

0 

0 

0 

0 

0 

A 

o o 

00 0 1 

0 0 

0 1 

0 

0 

1 

0 

1 

0 

1 

. 0 1 

0 1 10 

0 1 

1 0 

0 
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0 

1 

0 

rfl 
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1 0 

10 11 

1 0 

1 1 
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1 
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00 
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Yi 

> FF i 



yi 


A 


t 2 y 2 

> ff 3 


lL 


B 


T, = y 2 x 


T, = x 



Zil 


CLK 


Fig. 12.36 K-maps 


and logic diagram (Example 12.3). 


n . „ a cjrcuit that will function as prescribed by the state diagram 
EXAMPLE 12 4 Dm* for jmplement ation. 

shown in Fig. 12 .if* usc 3 v <j| 

0/10 



Fig. 12.37 State diagram (Example 12.4). 


m are already assigned. Write ^ '^n and ™ 

excitation table (Table 12.22) using S-R Dtp-flops. 

are no invalid states. r e r <: R, and z„ z, in terms of y,, y-i and 1 

Obtain the minimal expressions for S„ R„ S 2 , Kj ana z„ 2 

by using K-maps as shown in Fig. 12.38. , _ (bec ausc the entries ate 

From the excitation table, we can see that , t 2 minimal expressions is 

the same). The logic circuit using S-R flip-flops based on those mm 

chnwn in FifZ. 12.39. I 


Table 12.19 Transition and output table 

(Example 12.4) 


PS 


NS 

O/P 

y 2 

x = 0 

x = 1 

x = 0 

x = 1 

0 

0 

01 

00 

00 

00 

0 

1 

11 

1 1 

0 1 

0 1 

i 

1 

10 

1 0 

11 

11 

i 

0 

1 0 

00 

1 0 

1 0 


Table 12.20 Excitation 


table (Example 12 4 ) 


Required excitation 
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y 2 x 



00 

01 

11 

10 

1 

0 



1 

1 


1 

X 


X 

X 



®i = Yj 



Also from K-maps for R ? , 2, and Z-, 


r j = y> Zi = y, 2 ? = y 2 


Fig. 12,38 K-maps (Example 12.4). 



Fig. 12.39 Logic diagram of the sequential machine (Example 12.4). 

EXAMPLE 12.5 Design a 2-input 2-output synchronous sequential circuit which produces 
an output z=l, whenever any of the following input sequences 1100, 1010, or 1001 
occurs. The circuit resets to its initial state after a 1 output has been generated. 

Solution 

Let the sequential machine be initially in state A. The state diagram and the state table arc 
shown in Fig. 12.40. 



State diagram 


PS 

NS 

.z 

x = 0 

X = 1 

A 

A, 0 

B. 0 

B 

C. 0 

D. 0 

C 

E, 0 

F, 0 

D 

G. 0 

D. 0 

E 

A. 0 

A, 1 

F 

A. 1 

D. 0 

G 

A. 1 

F. 0 


State table 


Fig. 12.40 State diagram and state table (Example 12.5). 








































































































































. , /c of Digital Circuits 

fundamental Jo . , 

bl<:s arc required wh.ch can g.ve a max,mum 
There are seven states. So. three < arc u(i |i zc d. one is invalid and (he 

i s-5S ntu-■ - * riXe 0 : sr.r?srjj 

‘Lr I?iw .he transition and output table as shown in Table 


U - 
12-21* 


Table 12.21 Transition and output 

table (Example 12.5) 


Table 12.22 Excitation table (Example 12.5) 

_■ _ a • a. 

NS 


Present excitations required 
i \? i ir l k 



PS _ NS -rr 

y, Y-~^ x = Q x-1 

A-cTO _ 0 _ d0O _ oT0 

go 1 0 011 I 11 

co i t ;®“ 

Dll' 'O' 11 ' 

E 1 1 o 000 000 

FI 0 0 000 1 1 1 

G 1 0 1 000_J_00 


0 

0 

0 

0 

0 

1 

1 


0 

0 

0 

0 

1 

0 

0 



suca«».»—>" °-=' 1 »“ 

-r C?X i - *-— 

3 _ I - r v K = V. Vi + ViJC + >1^1* 

|, - jy + Vj. K, = ,» 2 f + Wi> J 2 - » A> 2 ■ - 1 

I, = y,y 2 + yJi** x 3 = y, + y 2 ; 

: = T’** + y> + wJ** 

The logic diagram can now be realized using these minimal expressions. I I 

r 2-input 2 -outp 

EXAMPLE 12.6 Draw the state diagram and the state tab l o ^ non _ over iapping 

synchronous sequential circuit which examines the inpu input of the str,n |j 

strings of 3 inputs each and produces a I output coincident wit f . j npU t sequent 

if and only if the string consists of either two or three Is. For examp e, 
is Q10101110, the required output sequence is 000001001. u 


Solution 

The block diagram is shown in Fig. 12.41 
sequential circuit are shown in Fig. 12.42. 


i the state table 

The state diagram and the st 
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I/P, X 


(0 or 1) 
(2 inputs) 



O/P, z 


(0 or 1) 

{2 outputs) 


Fig. 12.41 Block diagram of the sequential machine (Example 12.6) 



PS 

NS 

z 

x = 0 

x - 1 

A 

B, 0 

c. 0 

B 

D. 0 

E, 0 

C 

E, 0 

F, 0 

D 

A. 0 

A. 0 

E 

A, 0 

A. 1 

F 

A, 1 

A, 1 


State table 

Fig, 12.42 State diagram and state table (Example 12.6). 

Initially the machine is in stale A. It may receive the first bit cither as a 0 or as a 1. 
Both arc valid for the sequence. So, the machine may go to state B or C. White at B, the 
machine may receive the next bit as a 0 or a I. If it is a 1, the last two bits are 01, which 
are pan of the valid string. So, the machine goes to state E. If it is a 0, the last two bits 
arc 00, which arc not part of the valid string. But since the machine cannot start processing 
the next string, it goes to state D mst to provide a time delay and then goes to A whether 
tlie third bit received is a 0 or a I. While at E. if the next bit is a 0. the output is a 0; it 
it is a 1, the string is valid and, so, the machine outputs a 1. In both the eases, the machine 
goes to A. While at C, the machine may receive a 0 or a 1. 11 it is a 0, the machine goes 
to E because the first two bits are 10. II it is a 1, it goes to state F. The first two bits are 
now 11. While at K, whether the next bit is a 0 or a I the machine outputs a I and goes 
to state A, because both the sequences 110 and 111 arc valid. 

EXAMPLE 12.7 The synchronous circuit shown in Fig. 12.43 where D denotes a unit 
delay, produces a periodic binary output sequence. Assume that initially ,t| — 1, At I. W 
= 0. and x 4 = 0 and that the initial output sequence is 1100101000. Thereafter, the sequence 
repeats itself. Find a minimal expression for the combinational circuity (x,. .v,. y 3 , .y 4 ). The 
clock need not be included in the expression although it is implicit. 


f 



Fig. 12.43 Synchronous machine (Example 12.7). 
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Solution 

The output ,, of the last delay unit is the output bit of the synchronous circuit There arc 
' Be ° JL , mnee d in the fomt of a shift register. It is given that the output sequence 

UOOHIIOOO repeats itself. That means, the input to the first flip-flop which is the output 

He combina^nal c.rcuit must also be the same sequence. Since .ml,ally *,- , tr 2 
01 n t . „ , he sequence of the bits at the input of the first delay element, i.e. bits 

of /must come in'the order 1010001100 to get the given output sequence There are four 
state Variables w hich can give a maximum of 16 possible states. Only 10 of them are 
Xed ». there are six invalid states. The values of / corresponding to those states are 

,hC ^ e ’nui'aTstate is 0011 and/= 1. The first clock pulse shifts each bit to the right by 
one place So, jr, is shifted out, and / is shifted to x/s place, and the next / becomes the 
"1,0 the first flip-flop. Thus, the next state is 1001 and/= 0. and so on. After 10 clock 
riilses the sequence repeats itself. The truth table and K-rnap are shown in Fig. 12.44. 


*4 

*3 

x 2 


f 

0 

0 

1 

1 

1 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

1 

0 

1 

0 

0 

0 

1 

0 

1 

0 

0 

0 

1 

0 

0 

0 

0 

0 

1 

1 

1 

0 

0 

0 

1 

1 

1 

0 

0 

0 

0 

1 

1 

0 

0 


Truth table 


* 4*3 



00 


01 


11 


10 


, 00 . 

01 

11 

10 

pn 


1 

1 


1 




X 


X 

X 

X 

1 



X 



f = *jX 2 X, + X 4 X 2 X, + XqXoX, 

K-map 


Fig, 12.44 Truth table and K-map {Example 12.7). 


SUMMARY 

• In combinational circuits, the outputs at any instant of time depend only on the inputs 

applied at that instant of time. H*[ 

• 1 . quential circuits, the outputs at any instant o ; time depend not only on the present 
inputs but also on the present stale of the circuit. 

• fr i : tate machine is an abstract model describing the synchronous sequential 

machine and its spatial counterpart, the iterative network. I 

• Finite state machines are those, whose past histories can affect their future behaviour 
only in a finite number of ways, i.e. they are machines with a fixed number of states. 

• The state diagram or state graph is a pictorial representation of the relationship amonfe 

c present state, the input, the next state, and the output of a finite state sequentia 

machine. 


1 . 


2 . 
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Each node in the state diagram represents a particular state of the machine The labels 

on the ares represent mput/ou.put and the direction of arrows point to the next tale 
that the machine will go after the input is applied. 

The process of assigning the states of a physical device to the states of a sequential 
machine is known as state assignment. 

The state table is a tabular representation of the relationship among the present state, 
the input, the next state, and the output. 

The state table specifies the values of the machine outputs and the next state of the 
machine for each combination of the machine inputs and the present state of the machine. 

Both the state diagram and the state table contain the same information, and the choice 
between the two representations is a matter of convenience. 

The transition and output table can be obtained from the state table by modifying the 
entries of the state table to correspond to the states of the machine in accordance with 
the selected state assignment? 

The excitation table of a sequential machine gives information about the excitations or 
inputs required to be applied to the memory elements in the sequential circuit to bring 
the sequential machine from the present state to the next state. 

A sequence detector is a sequential machine which produces an output 1 every time 
the desired sequence is detected, and an output 0 at all other times. 

A serial binary adder is a synchronous circuit which adds the input numbers serially. 

A serial parity-bit generator adds a parity bit to every m bits of the message, so that 
the resulting outcome is an error-detecting coded message. 

An iterative network is a digital structure composed of a cascade of identical circuits 
or cells. Each cell may represent a sequential circuit or a combinational circuit. 

The inputs to all the cells of an iterative network are applied simultaneously and t c 
outputs arc assumed to be generated instantaneously. . .. 

The number of cells in an iterative network must equal the length of the input pa e 

llece'll taile specifies .he values of the eel. outputs and the output cairies for each 

combination of the cell inputs and the ^ for § scqucn( , a , machine , 

If the same assignment » selected lor arm e ■ combinationa | logic of the sequential 
then the logic circuit of the rtn ecu an 

machine are identical. stttc variables. 

The output values of physical devices are referr 

questions 

I circuits. List some applications of 

Distinguish between combinational and sequen < 

sequential circuits. „ hrnn ous sequential circuits. List various 

Distinguish between asynchronous and synchronous 
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3. How is the state of a memory element specified? 

4. \\ hat do you mean by the term ‘state diagram’? What do the vertices, the directed 
arcs, and the labels on the arcs of a state diagram represent? 

5. W hat do you mean by the Moore model and the Mealy model of the slate diagram? 

o. What do you mean by the term ‘state table ? What does each row, column, and entry 

of the state table represent? 

7 . \\ hat do you mean by the term ‘excitation table’? What information does it give? 

8. What do you mean by the following terms? 

(a) Transition and output table (b) Finite state machine (c) Input alphabet 
(d) Output alphabet (c) Iterative network 

9. Explain the following terms: 

(a) Finite state model (b) State assignment (c) State variables 

10. What arc the advantages of (a) the state diagram and (b) the state table? Compare them. 

11. What arc iterative networks? Discuss the analogy between sequential machines and 
iterative networks. How is a sequence detector designed using iterative networks? 

12. Define cell of a network. How many cells arc required in an iterative network? 

13. Explain the terms: input carries and output carries. 

14. What is a ‘cell tabic’? What docs each entry in the cell tabic represent? 

15. A'hat is a serial adder? Explain its working wdth the help of a state diagram. 

16. What is a sequence detector? Explain its working with the help of a state diagram to 
detect any arbitrary sequence. 

17. What do you mean by a parity generator? Explain its working with the help of a slate 
diagram to generate odd parity. 

is. Write the main steps in the synthesis of synchronous sequential circuits. 


PROBLEMS 


12.1 A long sequence of pulses enters a 2-input 2-output synchronous sequential circuit 
vMiich is requiicd to produce an output z — 1, whenever the sequence MOI occurs. 
Overlapping sequences are accepted. Design the circuit. 

12.2 Design a 3-bit counter which counts in the following sequence. 


0 


2 —> 5 —» 3 


0 


etc. 


Design a circuit using S K Fl*s that will junction as per the state diagram showi 

below. ° 
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12.4 Design « uiunous sequential circuit wk;„n 

z = I. whenever any ol the following inpul sequences- 1 11 ,'mT ,“ u,pl, ‘ 
oceurs. The eireu.t resels to .he initial stale after a I uutpu, A ™.| J 

1 2.5 A long sequence of pulses enters a 2-input 2-oulpul svnchrnn.,.,, . . . 

*»“ ■■ -** 1” 1 ” ■ - '• ■*—« <* 

ZTvsszrjx"* ■“ “ *— 

12 .6 Design a sequence detector which generates an output z = I whenever the sirimi 

is 0110, and generates a 0 at all other times. The overlapping sequences arc detected 
Implement the circuit using D FFs. 

12.7 Design a 3-bit up/down counter which counts up when the control signal M = I and 


counts down when M = 0. 

12.8 Draw the state diagram and the state tabic for a 4-bit odd-parity generator. 

12.9 Construct the state diagram and the state table for a 2-inpul machine, which 
produces an output z = I, whenever the last string of five inputs contains exactly 
four zeros and the string starts with three zeros. Analysis of the next string docs not 
start until the end of this string of live inputs, whether or not it produces a 1 output. 












Chapter 13 


ANALOG-TO-DIGITAL AND DIGIT AL¬ 
TO-ANALOG CONVERTERS 

13.1 INTRODUCTION 

\n analog quantity is one that can take on any value over a continuous range of values. It 
represents an exact value. Most physical variables are analog in nature. Temperature, 
pressure, light and sound intensity, position, rotation, speed, etc. are some examples of 

analog quantities. . 

A digital quantity takes on only discrete values. The value is expressed in a digital code 

such as a binary or BCD number. 

When a physical process is monitored or controlled by a digital system such as a digital 
computer, the physical variables are first converted into electrical signals using transducers, 
ard then these electrical analog signals are converted into digital signals using analog-to- 
digital converters (ADCs). These digital signals are processed by a digital computer and the 
output of the digital computer is converted into analog signals using digital-to-anaiog 
converters sDACs). The output of the DAC is modified by an actuator and the output of 
the actuator is applied as the control variable. 



Electrical analog 
input \ 


bit 1 , 
bit 2^ 


Physical 

—Transducer^-V- 

n-bit 


Digital 

variable 

ADC 

* 

• 

• 

-► 

bit 

system 



Digital Digital 

inputs outputs 


* 9 .13.1 Interfacing a digital computer to the analog world. 


j8 tj,re l-l shov.s how ADCs and DACs function as interfaces between a complete 
g system such as a digital computer and the analog world. This function has becoi 

pro<^s in contro? re * m * >0rtant as ' nex P en sive microcomputers are being widely used I 
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13 2 DIGITAL-' O-ANALOG (D/A) CONVERSION 




Basically. D/A converse ,s fl,e process of converting „ value represented in d.gital eode 
such as straight binary or BCD, into a voltage or current which is proportional The digh i 
value. Figure 13.2 shows the symbol for a typical 4-bit D/A converter. Each of the digital 
inputs A, B, C, and I * can assume a value 0 or a I, therefore, there are 2* - | 6 possible 

combinations of inputs. For each input number 0000, 0001.1111, the D/A converter 

outputs a unique value of voltage. The analog output voltage F ou , is proportional to the input 
binary number, that is, 

Analog output - K x digital input 

where K is the proportionality factor and is a constant value for a given DAC. The analog 
output can, of course, be current or voltage. 


Digital 
inputs b 



V 


out 


Analog 

output 


Fig. 13.2 Block diagram of a 4-bit DAC. 

Strictly speaking, the output of a DAC is not a true analog quantity, hcccuse 't can take 
on only specific values. In that sense, ,t is actually digital. Thus, the output of a DAC 
a -pseudo analog- quantity. By increasing .he number ofmput bits.the number ^possible 
output values can be increased and also the step size e ' more an 

successive output values) can be reduced, thereby P rou ™S ar ' ^ h jt is fed by a 
analog quantity. Figure 13,3 shows the output wavefotm of a DAC wne 

4-bit binary counter. 
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... ■ counter is at 0000. the output of the DAC is minimum (0 V). When the counter is at 
1111 the output of the DAC is maximum (15 V). This is the lull-scale output. 

' D eital-to-analog and analog-to-digital conversions form the very important aspects of 
digital “data processing. Digital-to-analog conversion is a straightforward process and is 
considerably easier than the A/D conversion. In fact, a DAC is usually an integral pan of 

any ADC. 

Parameters of DAC 

Resolution (step size). The resolution ot a DAC is defined as the smallest change that 
’an occur in an analog output as a result of a change in the digital input. The resolution 
of a DAC is also defined as the reciprocal of the number of discrete steps m the full-scale 
output of the DAC The resolution is always equal to the weight of the LSB and is also 
referred to as the step size . The resolution or step size is the size of the jumps in the 
staircase waveform. Step size is the amount by which V wul will change as the digital input 
value is changed from one value to the next. For the waveform shown in Fig. 13.3, the 
resolution or step size - 1 V. The step size of the DAC is the same as the proportionality 

factor in the DAC input-output relationship. 

Although resolution can be expressed as the amount ot voltage or current per step, it 
is also useful to express it as a percentage of the tull-scalc output as 

% resolution = f * p S ' Z f X 100% 

full scale 

Since, full-scale = number of steps x step size, resolution can be expressed as 


% resolution = 


1 


total number of steps 


x 100% 


In general, for an A-bit DAC, the number ol dillercnt levels will be 2 and the number 
of steps will be 2^ - 1. The greater the number of bits, the greater will be the numbci ol 
steps and the smaller will be the step size, and therefore, the finer will be the resolution. 
Of course, the cost of the DAC increases with the number of input bits. 

Accuracy. The accuracy of a DAC is usually specified in terms of its lull-scale error and 
linearity error, which arc normally expressed as a percentage of the converter's lull-scale 

output, full-scale error is the maximum deviation of the DAC's output from its expected 

■ 

i deal) value, expressed as a percentage of the full-scale. Linearity error is the nuiximui 
de lation ol the analog output from the ideal output. The accuracy and resolution ol a DA 

must be compatible. jlH 

Settling time. The operating speed of a DAC is usually specified by giving its settling illic¬ 
it ib denned as the total time between the instant when the digital input changes and lb*- 
time that the output enters a specified error band for the last time, usually ± 1/2 LSB aroun 
the final value after the change in digital input. It is measured as the time for the DAC olll l 1l | 

1 seltlc A:lhm ± 12 step size of its final value. Generally. DACs with a current output ,w] 
have shorter settling times than those with voltage outputs. tvrfW ; 
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Offset voltage. Ideally the output of a DAC should be zero when the binary inpai is 
in practice, however there « a very small output voltage under this situa, cd ,1 c 
offset voltage. This offse. error, if not corrected, will be added to the expected DAC output 


Ojjsft w *-o- , “uucu 10 me expected DAC output 

for ail input cases. 

Monotonicity. A DAC is said to be monotonic if its output increases as the binary input is 
incremented from one value to the next. This means that the staircase outnut will have no 
downward steps as the binary input is incremented from 0 to full-scale value. The DAC is 
sa jd to be non-monotonic, if its output decreases when the binary input is incremented 

EXAMPLE 13.1 Determine the resolution of (a) a 6-bit DAC and that of (b) a 12-bit DAC 
in terms of percentage. 

Solution 

(a) For the 6-bit DAC, 

% resolution = — x 100 = -J-r- x 100 = jz x 100 = 1.587% 

2" — i 2° — 1 dd 

(b) For the 12-bit DAC, 


% resolution = 


k r 


x 100 = 


I T 


x 100 = 




x 100 * 0.024*1% 


EXAMPLE 13.2 A 6-bit DAC has a step size 
voltage and the percentage resolution. 


of 50 mV, Determine the full-scale output 


Solution 

With 6 bits, there will be 2 1 ' - 1 = 63 steps of size 50 m\ 
The full-scale output will, therefore, be 

63 x 50 mV = 3.15 V 


50 mV , n0 
% resolution - y^Ty - 


= 1 X 100 = 1.587% 
63 


- _ a ns V for a digital input of 00000001. Find 

EXAMPLE 13.3 An 8-bit DAC produces ,u . f input 0 f 00101010? 
die full-scale output. What is the resolution? What «,« 

Solution 

Full-scale output = Step size x Number of steps 

= 0.05(2* - 1) “ 005 x 255 * 12 ' 75 


% resolution 


x H)0 


N 


- 1 


= __L x 100 * 0.392% 
755 


* \ j \ C — ^ t 0 ^ 

mu for an input of 00101010 = 42 x 0.03 
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FV4MP1 F 13 4 A certain 6-bit DAC has a full-scale output of 2 mA and a full-scale error 
of ± 0.5%’ What is the range of possible outputs for an input of 100000? 


Solution 

The sten size is 2 mA/63 - 31.7 pA. Since 100000 = 32 ]0 , the ideal output should be 
x -j -j — joi4 pA. The error can be as much as ± 0.5% x 2 mA 10 pA. 

" Th,K the actual output can deviate by this amount from the ideal value of 1014 pA, and 
therefore the actual output can be anywhere from 1004 pA to 1024 pA. 


oac Using BCD input code 

The DAC we considered earlier used a binary input code. Many DACs use a BCD input 
code where 4-bit code groups are used for each decimal digit. Figure 13.4 shows the 
diagram of an 8-bit (2-digit) converter of this type. Each 4-bit code group can range from 
0000 to 1001 and so the BCD inputs represent decimal numbers from 00 to 99. Within each 
code group the weights of the different bits are in the normal binary proportions (1, 2, 4, 
8) but the relative weights of each code group are different by a factor of 10. Figure 13.4 
^ows the relative weights of the various bits. Note that the bits that make up the BCD code 
for the most significant digit (MSD) have a relative weight that is 10 times that of the 

corresponding bits of the LSD. 



EXAMPLE 13.5 If the weight of A 0 is 0.2 V in Fig. 13.4 , find the following values: (a) 

^t-p size, (b) lull-scale output, (c) percentage resolution, and (d) V u , for DjQBjAi " ^ 

and DqCoBqAq = 0100. l 

Solution t f 

(a) Step size is the weight of the LSB of the LSD, i.c. 0.2 V. 

(b * ; r hcre are 99 ste P s sin cc there arc two BCD digits. Thus, the full-scale output ‘ s 

99 x 0.2 V = 19.8 V. ■ 


Analog-,o-DigM and Digiud^Analog ^ 

step size q .2 

(c) The resolution is ^ u j|. sca j e 0U ^p U t x ^ j^g x 100% = \% 

The exact weights of the various bits in the number in volts are: 

MSD: D, = 16, Cj = 8, Bj = 4, A, = 2 
LSD: D 0 = 1 .6, C 0 = 0.8, B 0 - 0.4, A 0 = 0.2 

(d) One way to find K out for a given input is to add the weights of all the bits that are 
Is, Thus, for an input of 01100100, we have 

C, B, C 0 

K out = 8 V + 4 V + 0.8 V = 12.8 V 

As the BCD input code represents 64 10 and the step size is 0.2 V, can also be 
determined as 

K oul * (0.2 V) x 64 = 12.8 V 


. n ,nrn RAC has a full-scale output of 19.98 V. Determine 
EXAMPLE 13.6 A certain 12-bit BCD DAC nas a iuu ^ v 

(a) the percentage resolution and (b) the converter's step size. 

Solution . nnn 

(a) 12 BCD bits correspond to three decimal \ tig £ * fan 0 V to 

to 999. Therefore, the output of the DAC has w* P 

19.98 V. Thus, we have 


full-scale output _ 1^98^ _ qq 2 V 
(b) Step size = - umbcr 999 


r DACS ^ * cd number snd the DAC 

/e have assumed that the binary ] q( DA Cs This is 

olar DACs are designed to pr^e with * 

y done by using the binaiy inpu re 0 ft en represenud 1 , suppose »c 

- and I for -). Negative input ***» ® some DACs. For examp^ 

h the true mai^nitudc form is ^ so ^^.-i^ment system 3 Ancc analog 
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13.3 THE IPIR LADDER TYPE DAC 

Tlv i« ,hn most popular DAC. It uses a ladder network containing series-parallel 

combinations of' two resistors of values R and 2R. Hence the name. The operational 
.ombinat.o ta£C follower is used to prevent loading, figure 13.5 shows the 

circuit diagran/of a R-2R ladder type DAC having a 4-bit digital input. When a digital si B „ al 
n n n n is aoplied at the input terminals of the DAC. an equivalent analog signal is 
pr£Sd“». .he P C. terminal The operation of the DAC is as follows: 



Digital input 

Fig. 13.5 R-2R ladder type DAC. 

Case I: When the input is 1000. Figure 13.6 illustrates the procedure to calculate V out when 
the input is 1000. At the left end of the ladder, 2R is in parallel with 2/?, so that the 
combination is equivalent to R. This R is in series with another R giving 2 R. This 2R in 
parallel with another 2 R is equivalent to R. Continuing in this manner, we ultimately find that 
R ^ = 2 R. The output voltage, K out = E/2 

Case 2: when the input is 0100. Figure 13.7 illustrates the procedure to calculate F 0lll when 
the input is 0100. Here, wc find that to the left of terminal B, R Q ^ = 2 R. The output voltage, 

V = E/A 

'©111 “ T . 

Case 3: when the input is 0010. Figure 13.8 illustrates the procedure to calculate H»t when 
the input is 0010. Here, /? cq to the left of C is 2 R. The output voltage, K out = 

Case 4: when the input is 0001. Figure 13.9 illustrates the procedure to calculate Him vv ' icn 
the input is 0001. The output voltage, V lW = £716. 

In genera!, when the D„ input is a ! and all other inputs arc a 0, the output is %ut 

p : ..Jr 

’ w ^ cre N is the total number of binary inputs. For example, if E = 5 V, then the 

output voltage when the input is 0100 is 


4-2 


7 = 1.25 V 
4 
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(b) The circuit equivalent to (a) when the circuit to the left of A is replaced bv 
its equivalent resistance Ft., 1 



(c) Calculation of V out using the voltage divider rule. 

Fig. 13.6 Calculation of V ou , when the input is 1000. 


To find the output voltage corresponding to any input combination, apply the principle 
of superposition and simply add the voltages produced by the inputs where Is are applied. 

Typical values for R and 2 R are 10 kf2 and 20 kQ, respectively. For accurate 
conversion, the output of the R-2R ladder network is connected to a high impedance circuit 
to prevent loading. An op-amp configured as a voltage follower can be used for this purpose 

as shown in Fig. 13.5. , . 

The principal advantage of this converter is that resistors ot only two values are 

required. Therefore, standard resistors can be used. 

EXAMPLE 13.7 What arc the output voltages caused by logic I in each bit posit,on in an 
K'bil ladder if the input level for 0 is 0 V and that for I is + 10 v. 

Solution 

E 

I he output voltage level caused by the D fl bit - 
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,a) When the input is 0100. D 0> D, and D 3 are grounded (0 V) and D* - + E. 



(b) The circuit equivalent to (a) when the circuit to the left of 8 is 
replaced by its equivalent resistance R*, 




ID 



V TH = i, x 2R = 

R th = [2R ||2R) + R] - 2R 


(c) Thevenin’s equivalent to the left of A. 



(d) Calculation of V^, using the voltage divider rule. 

F*g.13.7 Calculation of V out when the input is 0100, 


wm 
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R 


R 


B 


Mv-f 


2R< 2R 


2R 


2R 


2R 


V 


Out 


D, 


+ EiD, 


D. 


U. 


(a) When the input is 0010, D 0 . D 2 and 0 3 are grounded <0 V) and D. = + E 


WrA 


A 


R*, = 2R. 


2R 


2R 


out 


(b) The circuit equivalent to (a) when the circuit to the left of C is replaced by R = 2R 


*Q 


2R 


R 


B 


R 


2R 


■TH 


E*T 


i 


' 2R 


2R 


Vth ~ 


WWW 


Vtk “ ij x 2R = ^ 


RTH = (C(2R 12R) + R)||2RJ ♦ R = 2R 


(c) Thevenin's equivalent to the left of A. 


2R 


2R 


E/ 2RJ 
4 t2R + 2R j 


(d) Calculation of V^, using the voltage divider rule. 

Fig. 13.8 Calculation of V wl when the input is 0010. 
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(a) When the input is 0001. D„D, and D 3 are 9 


rounded (0 V) and D 0 - + E. 



(b) 


The circuit equivalent to (a). 


2R 


r— 


E 

8 


1 


^ . x jR = — (obtained by loop 


current method or any other method) 


TH J 


R 


TH 


= (U((2R|2R) * R ll+ 2R > * R »1' 2R1 * R ' 2R 


(c)Thevenin s equivalent to the left of A. 



(d) Calculation of V^, using the voltage divider rule. 

Fig. 13.9 Calculation of V^when the input is 0001 
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The output voltage level eaused by the D, bit (MSB) - = § “ T = 5 V 

E 10 

Th c output voltage level eaused by the D 6 b.t = ? = T = 2.5 V 

The output voltage level caused by thc D 5 bit = ^ T = 1.25 V 

F 10 

The output voltage level eaused by the D 4 bit = ? = ^ = 0.625 V 


The output voltage level caused by the D 0 bit (LSB) 


8 


10 

256 


= 0.03906 V 


EXAMPLE 13.8 What is the resolution of a 9-bit DAC, which uses a ladder network? What 
fstofresolution expressed as a percentage? If the full-scale output voltage of thts converter 


Solution 

The LSB in a 9-bit system has a weight of 1/512. Thus, this converter has a resolution of 
1 part in 512. The resolution expressed as a percentage is, (1/512) x 100 ~ 0.i./o. The 
voltage resolution is obtained by multiplying the weight of the LSB by the full-scale output 
voltage. Thus, the resolution in volts is, (1/512) x 5 V — 9.8 mV. 


13.4 THE WEIGHTED-RESISTOR TYPE DAC 

The diagram of the weighted-resistor DAC is shown in Fig. 13.10. The operational amplifier 
is used to produce a weighted sum of the digital inputs, where the weights are proportional 
to the weights of the bit positions of inputs. Since the op-amp is connected as an inverting 
amplifier, each input is amplified by a factor equal to the ratio of the feedback resistance 
divided by the input resistance to which it is connected. The MSB D 3 is amplified by 
Rf/R, D 2 is amplified by R f /2R, D, is amplified by R f /4R, and D 0 , the LSB is amplified by 
Rf/SR. 


(MSB)D 3 

R 
D 


rVWW-i 

I 



” ^3 +_ 2~D 2 + Dj + g-D 0 j ^ 


8R 

(LSB)D 0O _^^J 


Fig. 13.10 Weighted-resistor type DAC. 
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4 -- - 

• c;„ n 10 acts as a virtual ground. S 

The inverting terminal of the op-amp 
op-amp adds and inverts. 


mcc the 


V = 

f out 


D, O 

b> + T + 7 


, + V 


* 




/ 


\ 


/? 


/ 


. , hh lvnc of I>AC is, that a different-valued preeision resistor 

,11 

EXAMPLE ,3.» For the 4-bit weigher OACshown m F* « 

f - W v t h \ta Also'find the full-scale output if A, is changed to 500 Q. 

Solution ■ f 1 so its weight = 5 V; the next bit passes with 

i a) The MSB passes with a gam o , ^ * . y the following bit passes with a gam 
a gain of 1/2, so, its wetg ^ " he passes with a gain of 1/8, so, its 

of 1/4, so, its weight - 5/4 • » 

weight = 5/8 = 0.625 V. ( \ 1 

(b) Therefore, the full scale output (when * f = R - 1 kfl) l* 2 4 Z) 

= - 9.375 V 

The full-scale output, when R { is changed to 500 Q is 


V - 

V out 




\ 


2 ) 


= _ 4.6875 V 


. . HAT in Fie 13 11a, if the sequence of the 

EXAMPLE 13.10 Determine thc output of the DAC . 

4-bit numbers in Fig. 13.11b is applied to the tnputs. D„ is the LSB. 

Solution the 

First, let us determine the output current / for each of the weighted ] P con . espon( | s to 

inverting input (-) of the op-amp is at 0 V (virtual 8 roun ^ ) “ ed fe ^ resistance value. 
+ 5 V, the current through any of the input resistors is 5 Y 

Thus, 


/ --i*_ 

0 400 kQ 


= 0.0125 mA; 


/ = — 5 V — = 0.025 mA 
1 200 kQ 


/, = 


5 V 


ioo kQ 


= 0.05 mA; 




5 V 


50 kQ 


= 0.1 mA 


the 


* into lil 

1 he input impedance of the op-amp is extremely large; therefore, the curt ^ edbaC k 
op-amp is zero. Thus, the current, I 0 + /, + I 2 + has to go throug ' c q U als t * lC 
resistance R f . Since one end of R f is at 0 V (virtual ground), the drop across r 

output voltage. 
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(LSB) D 0 


(MSB) D 3 


20 ktl 

rAA/Wv 



-Q V 


nut 


a 


d, 


D- 


D. 


+ 5V 
0 V 

,5V 

OV. 

♦ 5 V 

0 V, 


viimruum 

jinrin 


j 


i 



L 


(a) DAC (b) Input to DAC 

Fig. 13.11 Example 13.10. 


Thc output voltage due to input D 0 is, 20 kI2 (- 0.0125 mA) = - 0.25 V 

The output voltage due to input D, is, 20 kQ (- 0.025 mA) = - 0.5 V 

The output voltage due to input D, is, 20 kQ (- 0.0 5 mA) = - I V 

Thc output voltage due to input D 3 is, 20 kQ (- 0.1 mA) = - 2 V 

from Fig. 13.1 lb, the first input code is 0001. For this, the output voltage is - 0.25 V. 
The next input code is 0010, for which the output voltage is - 0.5 V. The next code is 0011 
for which the output voltage is - 0.75, and so on. Each successive binary code increases 
the output voltage by - 0.25 V. So, for this particular straight binary sequence of the inputs, 
the output is a staircase waveform going from 0 V to - 3.75 V in - 0.25 V steps. The output 
waveform is shown in Fig. 13.12. 


*r- O-r-O^O'r - 0 rOrO^Q 
o v- O O T- T— O 

O O O ' r ~ O O O i— t- t— 

O O O Q O O O t— i— t- v— 



Binary number 

► 


* > ■ i * r “■ 

• M-i 

i -■ J » 


% * ■* V » ■■ -- r 

Fig. 13.12 Output waveform {Example 13.10). 


• , p, a r urhnce full-scale output voltage is 
EXAMPLE 13.11 Design a 4-bit wc.ghtcd-res.stor ^ ^ outpu , voltage wha, the 

- 5 V. The logic levels are 1 = + 5 V and u * 

input is 1101? 


Solution 

The full-scale output voltage is the 
1111. Thus, 

The full-scale output 


output voltage when the input voltage is maximum, Le. 


SV 5^ 




5V+-V + X 8 ) 


- 5 V 


R 
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Therefore,' 


9.375 x 


R 


Choosing £ f = 10 kft, and s,ncc 


R { _ 5 

R 9.375’ 


we have 


R = R f x 5 


, 93 — = 18.75 kfl 


Thus, 


2 R = 37.5 kft; 4ft = 75 kfl; 8ft = 150 kQ 


When the input is 1101, the output voltage is 


V - - 

r OUl 


5 V A 

5 V +-+ 0 + 

J 2 


8 






R 


= - 8.125 x 


10 


18.75 


= - 4.333 V 


13.5 THE SWITCHED CURRENT-SOURCE TYPE DAC 

The ft-2ft ladder network DAC and the weighted-resistor DAC C “ 3* ^k!h“v Sfu 

haPc hfrause when an input position goes HIGH, the H1UH voltage is 

effXwTwitehed into the circuit, where it is summed up with other input voluges. Most 
inteerated circuit DACs, however, use some form of current switching rather than voltage 
switching since currents can be switched in and out of the circuit faster than voltages .n 
theformer type, the binary inputs are used to open and close switches that connect and 
disconnect internally generated currents. The currents are weighted according to the 
positions they represent and are summed up in an operational amplifier 

Figure 13.13 shows the circuit diagram of a curTent-switching type DAC Note that an 
R-2R ladder is connected to a voltage source £ REF . The current in the first 2ft rests or 
supply is given by I, = £ REF /2«, because E mf is directly applied across 2ft. The cu 

in the second 2ft is given by £ REF /4ft because the equivalent resistance to the r ‘B h 

into the first ft is equally divided 


second 2 R is 2 R and, so, the current E REf f(R + R) coming 
between the second 2 R and the 2 R to its right. 


In general, the current that flows in each 2 R resistor is given by. 


/ = — 


KEF 


tl 


R 


\ 


y 


x 


/V-fl 


where n - 0, 1,..., N - 1 is the subscript for the current created by input D n and ^ 
total number of inputs. Thus, each current is weighted by the bit position it represe. ■ 
The switches that connect the currents either to ground or to the input o 
operational amplifier are controlled by the digital input. The op-amp sums up a 
currents whose corresponding digital inputs are HIGH. The amplifier also serves a^ . 
voltage-to-current converter. It is connected in an inverting configuration and its ou P 
= “ hR’ where h * s l he sum of the currents that have been switched to its tnp ^ 

If £ FEF is an externally variable voltage, the output of the DAC is pro H i 

product of the variable £ REF and the variable digital input. In that case, the circuit is ca 


a 

is 
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R 


REF 



2R 


2R 


rWM-n 


(MSB) D : 


D, 


s. 


o, 


(LSB) 0 a 


V^, = — IvR 


Digital input 


Fig. 13.13 The 4-bit switched current-source DAC. 

a multiplying DAC and the output represents the product of an analog input £ REF and a 
digital input. 

EXAMPLE 13.12 The switched current-source DAC in Fig. 13.13 has R = 5 k£2 and 
£ REF = 10 V. Find the total current delivered to the amplifier and the output voltage when 
the digital input is 1101. 

Solution 

Since the digital input is 1103, the total current into the amplifier, i.e. / T is given by 


£.= /,+/,+ /, 


o 




REF 

2 R 


+ 


REF 

AR 


REF 


/ 


l 16ft j 


(10 10 lO'l 

i f\ + -“ + 


10 20 80 y 


13 

8 


mA 


8 


x 5 


= - 8.125 V 


I here fore, the output voltage, V m — h x R 

EXAMPLE 13.13 In a 4-bit DAC. for a digital inp “f f ,° 1^^10111 ° f 
>* produced. What will be the output current for a dtgi a P 


Solution 

Output current 
Analog output 


10 mA for a 
K x digital input 


digital input ot 0100, i.e. 4 I0 . 



mm 
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Therefore. 


_ 10 _ 2.5 mA 

A 4 


x 2.5 - 27.5 mA 


Hence the output current for a digital input of 1011 is. 11, 

13.6 THE SWITCHED-CAPACITOR TYPE DAC 

n4r omnlovs weighted capacitors instead of weighted 
S. charged capacitors form a capacitive voltage divider whose output 

is proportional to the sum of the b '" ar * 'T| U ' . capacilor DAC. Note that the 

Figure 13 14a shows “ wo -phase Cock is used to control switching of 

capacitance values hav * b '^HIGH alt capacitors are switched to ground and discharged. 
lh e capacitors. When digital inputs are HIGH are switched to 

r n wUS thSe ’wto- inputs are LOW remain ground^ Figure 13.14b shows the 

equivalent circuit when A is HIGH and '^‘ tn parallel and the capacitors 

We see that the capacitors whose d.gi»l ? redrawn in Fig . ,3.14c. 

*???£ paralle? cantors is replaced by its equivalent capacitance. The 
output of the capacitive voltage divider is 




v m , = £ 


REF 


8 


2C 


13 

16 


REF 


/ 


In general, tor any binary input 


K..., = 


out 


EQ 


\ 




2 C 


x E 


f* ^|| ] 

where 2C is the sum of all the capacitance values in the circuit and C EQ is the su 

the capacitors whose digital inputs arc HIGH. . . • nnoo the 

The analog output is proportional to the digital input. When the input ^ ^ 

positive terminal of £ RE , is effectively opcn-circuitcd as shown in ig. 

output is 0 V. . , f un ctions 

S w itched-capacitor technology has been developed for implementing an all mlificrSi 

in integrated circuits, particularly MOS circuits. It is used to construct 1 ters, ^ gfnall 
and many other special devices. The principal advantage ot this technology is - r( ! u its 10 
capacitors of the order of a few picofarads can be constructed in the integrate ^ ] 0 >y- 

perform the function of the much larger capacitors that are normally nee 
frequency analog circuits. . s *ljL 
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(a) All capacitors are switched to ground by Those capacitors whose digital inputs are HIGH are 
switched to E ref by <j> 2 - 



(b) Equivalent circuit when the input is 1101. The capacitors switched to E ref are in parallel as are 
the ones connected to ground. 


13C 

8 



- E ref 


13 r ^ 

T c 




2C 


13 

16 




(c) Circuit equivalent to (b). The output is determined by a capacitor voltage div de 


-& 
E 


C 

2 


C 

8 


C 

4 


n 


c 

1 


V =E 

v out 



R€F 


0 

2C 


= ov 


REF 


(d) Equivalent circuit when the input is 0000. 

Fig. 13.14 The switched-capacitor type DAC 


3.7 ANALOG-TO-DIGITAL CONVERSION 


i analoR-to-dicital converter (A/D converter or 


ino nroduces a digilal oulput. thal « 
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a di it d system an ADC is used to convert the analog voltage to a digital form suitable for 
processing by ;i 

13.8 THE COUNTER-TYPE A/D CONVERTER 

• U .u | fvne of the A/D converter. It employs a binary counter, a voltage 
This is the simplest W aND gatc> latc hes, and a D/A converter as shown in 

comp^tof a con r • ^ ADC because Che waveform at the output or the 

Fig. 13.15. It is aL ,| a stairca se). The analog signal to be converted is 

DA r 6,1 -Tnverting terminal of the op-amp comparator. The output of the DAC is 

applied to the non in g amp< whenever the analog input signal is greater 

applied to the inverting terminal of the! opamp whe nevcr ^ 

than the DAC output, the output of op^mp » » comparator is LOW. The 
llCt serves as an active-iow end of the convcrston s.gnah 



i 8-bit 
' digital 
output 

j 


Assume that initially the counter is reset and, hcrefore, the output o e • 0 f the 
Since the analog input is larger than the initial output of the DAC, tne ' , " are 
comparator is HIGH and, therefore, the AND gate is enabled and, so, t e c 0 ^ binary 

transmitted to the counter and the counter advances through its binary states. ^ the 
stales are converted into reference analog voltage (w iich is in the form °. a sucCC ssiveiy 
DAC. The counter continues to advance from one state to the next, producing ^ ^ va jue 
larger steps in the reference voltage. When the staircase output voltage reac ^ ^ the 
of the analog signal, the comparator outputs a LOW, and the AND gate is isa ^ j s the 
clock pulses do not reach the counter and the counter stops. The count it re ^ j n to 
digital output proportional to the analog input. The control logic loads the binary 
the atches and resets the counter, thus, beginning another count sequence to 
input value. The cycle thus repeats itself. 
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The resolution of this ADC is equal to the re* l *• 

resolution can also be thought of as the built-in ermr 0 " h f ^ DAC il contair >s* The 
quantization error. Thus, ^ dnd •» often referred to as the 

Resolution = 

2 n 

where FSR is the lull-scale reading and N is the number of bits in th* 

As in the DAC, the accuracy is not related to the resolution K r 
accuracy of the circuit components such as comparator the DAC\ nJr' depCndem 0n thc 
Figure 13.16 illustrates thc output of a 4-bit DAC in an Anr P 0n rcs,slors ’ ctc - 

lhe analog input is a slowly varying voltage. ^ ° VCr SCVeral c ^ ,es 


Q> 

uy 

m 

$ 



Fig. 13.16 Output waveform of the counter-type ADC. 

Thc principal disadvantage of this type of converter is that, the conversion time depends 
on the magnitude of the analog input. The larger the input, the more will be the number of 
clock pulses that must pass to reach thc proper count, and, therefore, the larger will be t e 
conversion time. For each conversion, thc counter has to start from reset on > an count 
up to thc point at which the staircase reference voltage reaches the analog input vo age 
This type of converter is considered quite slow in comparison with t e ot e .P 

'ISA THE TRACKING-TYPE A/D CONVERTER 

^ counter-type ADC is slow, because ^ Q0 ^ 

packing-type ADC uses an up/down counter and ^ ^ the analog input, i.e. 

^cause thc counter is not reset after each sample, ^ tota | number of clock 

counts up or down from its last count to its new coun . _ s ^ analog input 

P ulses squired to perform a conversion is proportion^ o more or less keeps up with 
th CtWe L en c °unts, rather than to its magnitude. Since * tracking converter. 
e ^banging analog input, this type of converte 
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„ . , h „ , naic diagram of a tracking type-ADC. As long as the D/A 

Figure 13.17 J * an th( f ana | og input, the comparator output is HIGH putting 

output reference voltage u • _ it t0 pro duce an up-sequence of binary counts. This 

the counter in the up mode an r ^ fcrence voltage out of the D/A converter, which 

causes an increasing value 0 va i uc of the input analog voltage. When the 

continues until the staircase _ . the compa rator output switches LOW and puts 

reference voltage equals the; an ^ g P - ^ up Qne count . If the ana i og input is now 

the counter in the down mode, ^ down i n its sequence and effectively track the 

decreasing, the counter will con ^ on$mU thc counter keeps on changing from up-to- 
input. If the analog input «main_ ‘ oulput of thc ADC keeps on oscillating about 

down-to-up continuously an *|’ . ^ disadvantage of this type of converter. Figure 13.18 

. .a .■ fertl rrtf 0 i tracking-type ADC. 



1 


8-blt 

digital 

output 


The conversion time of this ADC is thc time interval between ^starting of the 

conversion and the time the comparator outputs a LOW (stopping ) 

conversion time is the time required to convert a single analog input to a d.gi 

l c (max) - {2 s - t) clock cycles 

— U v tirriA fnf 1 CVClC 


Umax) 

Thc average conversion time = -—-— 

The ADC must perform at a rate equal to at least twice thc frequency 


Of the highest 


component of thc input. 


ADC can have 



EXAMPLE 13.14 Determine thc maximum conversion time that an 
used to convert signals in the range of 1 kHz to SO kHz. 











dnalog-to-Digiial and DigltaUto-Analog Converters 567 


15 

« * * * 1 

t * * * 1 

■ i p i t 

14 

■ i * * * 
i t i * 1 

13 

i i * * * 

i * t * t 1 r * f ■ f 

* i • * i 

• » t • * 

12 

g i > * 1 

* * t * t * 

* * * * * 

11 

.4 

iiit* 
i i i * * 

10 

- •} - 1 * -r w 

« i » * * 

4 t * * t 

9 

f i i * * 

# f *■ * * 

1 | * ! * 

8 

, . 1 t fV 

III** 

1 1 1 * t 

| 1 1 t 1 

7 

, • L * V * t 

t i i i * 
i i * * * 
l*l** 

6 

1 1 1 c * 

1 * 1 * * 

lift* 

5 

A 

| 4 * f b “ 

till 
III* « 

* t i 


►l* *1 


*•* H* 1 > 


' * ' * 1 * l * i 


■**'»!* 
* * I f f | | f * 

*<* *1“ *** ‘|* ^ 
I • * I I | | f 

.pjjrtMqfWtfJJ 


* * » * i * i 

V *1* *w m *1* S* *« * 



3 

2 

1 

0 


h * 



. V. 


* «■ .■ * 


m i p it* 


Fig. 13.18 Output waveform of the tracking-type ADC. 



Solution 

Since the highest input frequency is 50 kHz, conversions should be performed at the rate 
of 2 x 50 x 10 3 = 100 x 10 3 conversions/s. The maximum allowable conversion time is, 

therefore, equal to 1/(100 x 10 3 ) ■ 10 )is. 

EXAMPLE 13.15 An ADC has a total conversion time of 200 \is. What is the highest 
frequency that its analog input should be allowed to contain? 

Solution 

The highest frequency that the analog signal can contain is 

E 1 Q 2 5 kHz 

2 x conversion time 2 x 200 p.s 


13.10 THE FLASH-TYPE A/D CONVERTER 

f Ai/D 

The flash (or simultaneous or parallel) type *{?. ^ffe^ndaUomparators, that compare 
converter. This type of converter utilizes the parall advantage of this type of 

reference voltages with the analog input vo tage. . , : t h a t. an «-bit converter 

converter is that the conversion time is less, but o priority encoder. Figure 13.19 

of this type requires 2" - 1 comparators, 2 resist) ■ ^ ^ comparators. A reference 

shows a 3 -bit flash type A/D converter which requires SC ven equal increment 

voltage £ ref is connected to a voltage »mp«*«or. For any given 
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v; - 

. r , nd a || those below it will have a HIGH output. AU comparator 
input, one comparator a which pro d U ces a digital output corresponding 

outputs arc connected to a p ^ whjch jn this case i s the one that represents the 


analog mpui, u..*. w-r-- . encoder which produce a wuespone 

outputs are connected to a p ■ >' whjch in this case is the one that represents the 

to the input having the j r{ ! preS ents the voltage that is closest in value to the 

largest input. Thus, the digi 

analog input. 


■RE* 


9 Analog 
input 



Digital 

output 


Fig. 13.19 The flash-type ADC. 


The voltage applied to the inverting 
is (by voltage divider action), 

( 1R \ 


terminal of the uppermost comparator in Fig. 13. 




1R + R 


/ 


X £rEF «■ X £ 


8 


RFF 


Similarly, the voltage applied to the inverting terminal of he second comparator 


6 R \ c 6 „ r- 

IrVr ! y £ref 8 Rtf 


and so forth. The increment between voltages is, —■ x E Rii ;. 

o 




tl 


The flash converter uses no clock signal, because there is nn 

period. The conversion lakes place continuously. The only delays in .T"? ” 8Cquc " c, '! l! 
,| )C comparators and the priority encoders. y 1 tonvt - rs| on arc in 

|. IB ure 13.20 shows the block diagram of a modilicd Hash A/D convener To ncrlorn. 

s-bit conversion, it requires Iwo 4-bii (lash conveners So an x hi, ' ^ , 

an , . inr _ o v ... ^ ucrs< * j0 » an »-bn conversion can be 

done by using 30[- 2 X (2 - 1)] comparators instead of 255(= 2* - l) comparators On* 
4-bit flash converter is used to produce the four most significant bits (MSB.). Those four 
bits arc converted back to an analog voltage by a D/A converter and this volume is 
subtracted from the analog input. Ihc dificrcnce between the analog input and the analog 
voltage corresponding to the four most significant hits, is an analog voltage corresponding 
to the foul least significant bits (LSBs). Therefore, that voltage is converted to the four least 
significant bits by another 4-bil flash converter. 


Analog 

input 



8-bit digital 
output 


Fig. 13.20 Modified flash ADC 


EXAMPLE 13.16 Determine the digital output of a 3-bit simultaneous. = 

analog input signal and the sampling pulses (encoder enable) s own m - - 

+ 8 V. 


Solution 


1. listed as follows and shown in Fig. 13.2: in rclauon 


000, oil, 


lot, 1 10. 


The resulting A/D output sequence is 
to tlie sampling pulses. 

000 , 010 , 101 , 110 , 110 , 100 , 010 , 000 . 

13.11 THE DUAL-SLOPE TYPE A/D CONVERTER 

, I j s relatively inexpensive 

The dual-slope converter is one of the slowest “ DA C or VCO. Another 

because it docs not require precision c0 "’P onLn " noise . and to variations m *- 

adv.i, A nr is its low sensitivity aversion time, the 
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Fig. 13.22 


; of 


pj Rations o» 

dual-slope ADC is not used in any data acquisition applications. I he major ^ ^ [ivers jons 
this type of converter are in digital voltmeters, multimeters, etc. where s o ^ aV j n g lo*' 
are not a problem. Since it is not fast enough, its use is restricted to signa s 

to medium frequencies. , ^e outp u 

A dual-slope ADC uses an operational amplifier to integrate the analog th c 

of the integrator is a ramp, whose slope is proportional to the input signa ml 
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components « and f are fixed. If the ramp is aUo wed to contmue for a fixed lime the 
voltage it reaches ,n that fime depends on the slope of the ramp and, .here ore on .Tta ue 
of The haste pr.nc.ple of the Integra.,„g ADC ls that, the voltage reached by the ramp 
controls the length of time that the binary counter is allowed to count Thus a binarv 
number proport, onal to the value of is obtained. In ,hc dual-slope ADC.' two integral 
-, rC performed. 

Figure 13.23 shows the functional block diagram of a dual-slope ADC. Assume that the 
counter is reset and the output of the integrator is zero. A conversion begins with the switch 



connected to the analog input. Assume that the input is a negative voltage and is constant 
for a period of time; so, the output of the integrator is a positive ramp. The ramp is allowed 
to continue for a fixed time and the voltage it reaches in that time is directly dependent on 
the analog input. The fixed time is controlled by sensing the time when the counter reaches 
a particular count. At that time, the counter is reset and the control circuitry caus^ 

switch to be connected to a reference voltage £ RE f, having a P° a ^ 11 - . . u f *u e 

the analog input; in this case a positive reference voltage. Therefore, the ou.pu. 

integrator is a negalivc going ramp, 

first integration. The AND gate ,s cabled an,i the co »» > ^ ^ ^ ami the 

reaches 0 V, the voltage comparator switches to LO . ° ^ one ^version. The 

counter stops counting. The binary count is ?.f. h Vtime required for the negative ramp to 
count it contains at that time is proportional to hed during the first integration, 

reach zero, which is proportional to the positive vo g 

which in turn is proportional to the analog inpnr ^ va | ues of the integrator 

The accuracy of the converter does n ° l . accuracy does depend on so. the 
components or upon any changes in them, 
reference voltage should be very precise. 

15.12 THE SUCCESSIVE-APPROXIMATION TYPE AD 

- of the most widely used type o ADCs. 

• he successive-approximation (SA) converter is L w ith the exception oi t-w 

h has a much shorter conversion time than t e 0 






















































































































































































































572 Fundamentals of Digital Circuits 

t>p , It also has a fixed conversion time which is not dependent on the value of the analog 

mpui. bjock diagram of a 4-bit successive-approximation type 

Figure 13 24 staj* _ ^ t regjstcr> a comparator, and control circuitry or logic. 

ADC, U consists of a DA ^ bits of thc DAC are enabled one at a time, starting 

The basic operation is- ^ 1 __ comparator produces an output that indicates 

-<h .he MSB. As each b ,* J than 0ulpul of , he DAC K AX . ,f lhc 

\\ hether thc analog mpui volugc t compara tor output is LOW, causing the hit 

D A output is greater than " 0 outpu( is grea ,er than the analog input. , hc 

in the control qi.er oreset If«^ j( , (hc contro | register, 

comparator output is HIGH, 



Fig. 13.24 The successive-approximation type ADC. 

The system enables the MSB first, then the next significant bit, and so on. After alU'® 
bits o! the DAC have been tried, the conversion cycle is complete. Thc processing 0 ® . 
bit takes one dock cycle; so. thc total conversion time for an .V-bit SA-lypc ADC W1 

A dock cycles. That is, mc 


f c for SAC - (N x ]) clock cycles ' 

4 1 iJ* 

Thc conversion time will be thc same regardless of the value ol I This is 
control logic has to process each bit to see whether a 1 is needed or not. n>\C 
Du method is best explained by an example. Let us assume that thc output of the 
ranges from 0 V to 15 V as its binary input ranges from 0000 to l I II, with 0000 p-^ 1 . 

0 V, and 0001 producing 1 V, and so on. Suppose that thc unknown analog input 
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j s ]03 V. On thc first clock pulse, the output register is loaded with 1000, which is 
converted by the DAC to 8 V. Thc voltage comparator determines that 8 V is less than the 
Analog input (10.3 V); so, thc control logic retains that bit. On the next clock pulse, the 
control circuitry causes the output register to be loaded with 1100. The output of the DAC 
I noW 12 V, which the comparator determines as greater than the analog input. Therefore, 
the comparator output goes LOW. Thc control logic clears that bit; so, the output goes back 
to 1000. On thc next clock pulse, the control circuitry causes the output register to be 
loaded with 1010 . The output of the DAC is now 10 V, which the comparator determines 
as less than the analog input. Thus, on the next clock pulse, the control logic causes the 
output register to be loaded with 1011. The output of the DAC is now 11 V, which the 
comparator determines as greater than the analog input; so, the control logic clears that bit. 
Mow the output of the ADC is 1010 which is the nearest integer value to thc input (10.3 V). 
At this point, all of the register bits have been processed, the conversion is complete 

and thc control logic activates its EOC output to signal that the digital equivalent of V A is 
now in the output register. 

EXAMPLE 13.17 Compare the maximum conversion periods of an 8 -bit digital ramp ADC 
and an 8 -bit successive approximation ADC if both utilize a 1 MHz clock frequency. 

Solution 

For the digital-ramp converter, the maximum conversion time is 

(2 % - 1) x (1 clock cycle) = 255 x 1 ps = 255 ps 

For an 8 -bit successive-approximation converter, the conversion time is always 8 clock 
periods, i.e. 8 x l ps = 8 ps. 

Thus, the successive-approximation conversion is about 30 times faster than thc digital- 
ramp conversion. 


EXAMPLE 13.18 An 8 -bit SAC has a resolution of 30 mV. What will its digital output be 
for an analog input of 2.86 V? 

Solution 


2.88 V, The SAC alwa ys produces a final output, that is, at thc step below i 

~ = 2.86 V, the digital result would be 95 , 0 


v * fne e>/\e always prod 
Therefore, for the case of V A 

A Specific a/d Converter 


= 0101 INI, 


T i 

K 0801 is an example of a successive-approximation type analog-to-digital 

c °nvcrtcr. The pin diagram is shown in Fig. 13.25. This device operates from a + 5 V 
Mipply, an( j |, as a reso | u ,j on 0 f g b j ts w j|h a conversion time of 100 ps. Also, it has 
tliaT aiUeeC * monol onicity and an on-chip clock generator. The data outputs are tri-stated so 
'! Il , c ' in interfaced with a microprocessor bus system. The two analog inputs are J (N . 

1 IN-- 





































5 7 4 Fundamentals of Digital Circuits 


+ VCC 



Fig. 13.25 Pin configuration of the ADC 0801. 


CS (Chip Select): This input has to be in active-LOW state, for RD and WR inputs 

to have any effect. With CS HIGH, the digital outputs are in the Hi-Z state and no 

conversion takes place. 

RD (° ul P ul Enable): This input is used to enable the digital output buffers. With CS = 

E ) LOW, the digital output pins have logic levels representing the results of the last 

A/D conversion. 

(Start Conversion). A LOW pulse is applied to this input to signal the start of a 

new conversion. v b 

and return mw°!^ n 4- CrS .* 0n ii lh,s J out P ut signal will go HIGH at the start of a conversion 

L0W to jndlcate the end of the conversion. 

ar d ,, l an ?^ 0na ^ jn P ut can he used to reduce the internal reference voltage 

1 converter can handle, 

appears on this pi^'^ * COnnected 10 this P in t0 u se the internal clock. The clock signal 

the internal clock* is^sed* ^ CX,Cmal clock input> or ,or the capacitor connection when 

Voltage-to-Frequency ADC 

Instead, if uses^a°hnea * Simpler than othcr ADCs . because it docs not use a DAC* 

3 lmear Volta * c controlled oscillator (VCO) that produces an outpu< 
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frequency proportional to its input voltage. The analog voltage is applied to the VCO 

generate an output frequency This frequency is ted to a counter, to be counted for a fb 
■ _ ininrva . I he final count is nronortinnaf in th» „„i_r 


to 

fixed 


geiiv-— - . • . , iu DC countec 

lime interval- The final couni is proportional lo the value of the analou innut 

To illustrate this, suppose the VCO generates a frequency of 5 kHz for each volt of 
i»P«« (i-c. I V produces 5 U V produces 7.5 kHz, 2.6 V produces 13 kHz), [f the 
analog input is 4.65 V hen the VCO output wdl be a 23.25 kHz signal that clocks a counter 
for, say, 10 ms. After the 0 ms counting interval, the counter will hold the count of 23? 
Although this is a simple method of conversion, it is difficult to achieve a high decree o'f 

iracv because ot the difficulty in designing VCOs with Sir*/*! . _ ■ 


' , ~ f , * u . . . - ’ ,l 13 um,LUH «* acmeve a high dcercc o( 

accuracy because of the difficulty in destgnmg VCOs with accuracies better than 0 I per cent 

One of the mam applications of this type of converter is in noisv industrial 


One of the mam appl,canons ol tins type of converter is in noisy industrial 
environments, where small analog signals have to be transmitted from transducer circuits 
, control computer. The small analog signals can get drastically affected by noise if thev 

trancmittftH tlirecllv In thf* rnnlrnl rAmc.tz,. a i _ _ . . / 1 -f 


to a 


,, , ° b -.-owwaii y ancvica oy noise, it they 

are transmuted directly to the control computer. A better approach is to feed the analog 

signal to a VCO, which generates a digital signal whose outpul frequency changes according 

to the analog input. The d.gital signal is transmitted to the computer and will be much less 

affected by noise. Ctrcutlry in the control computer will count the digital pulses to produce 
a digital value, equivalent to the original analog input. 


SUMMARY 




An analog quantity can take on any value over a continuous range of values. 

A digital quantity takes on only discrete values, expressed as binary numbers or codes. 

Digital processing of analog signals requires A/D and D/A converters. 

ADC's and DACs function as interfaces between a completely digital system, such as 
a digital computer, and the analog world. 

D. A conversion is the process of converting a value represented in a digital code to 
a voltage or current proportional to the digital value. 

I be output of DAC is not a true analog quantity; it is a pseudo-analog quantity. 

a DAC is defined as the smallest change that can occur in the analog 
out P ul as a result of the change in the digital input. 

LSB rCSCdut ' on a E)AC is equal to the step size, being equal to the weight of the 


The offset voltage of a DAC is the small voltage that appears at its output, when its 
omary input has all Os. 

The 

L output of a monotonic DAC increases when its binary input is incremented. 

The settling time ol a DAC is the time taken by its output to settle down to within 
step size of its final value after the application of the digital input. 

he step size of DAC is the same as the proportionality factor in the DAC I/O 

relationship. 

I he (11 \ 1 i 

. " sca * e error is the maximum deviation oi the DAC’s output from its expected 
Ul ’ oppressed as a percentage of full-scale. 
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> The R-2R ladder type DAC is the most popular DAC. 

The disadvantage of the weighted-resistor DAC is, that a different-valued precisift 
resistance is needed for each bit position of the digital input. 

Switched-current DACs are faster than the swilchcd-voltagc DACs. 

\ D conv ersion is the process of converting an analog input voltage to a number of 
equivalent digital output levels. 

\n ADC produces a digital output proportional to the value of the input analog signal 

The process of approximation used in digitizing samples is called quantization 

Linearity error is the maximum deviation in step size from the ideal step size 

The counter-type ADC is the simplest and the flash-type the fastest. The countcr-typ c 
ADC is somewhat slower, but can digitize high resolution signals. 

The tracking-type ADC' is also called the continuous-conversion type ADC. 

The flash converter is the fastest and the most expensive ADC. 

The dual-slope ADC is the slowest type, but it is cheap and offers excellent accuracy 
m a relatively inexpensive circuit. This ADC is widely used in digital voltmeters. * 

The successive-approximation type ADC is the most widely used type of ADC 


1 . 


2 . 

3. 

4. 

5. 


6 . 

7. 

8 . 

9. 

10 . 

11 . 

12 . 

13. 

14. 


> 


QUESTIONS 

Define the following parameters of DACs: (a) resolution, (b) accuracy, (c) mono- 
tonicity, (d) settling time, (c) offset voltage, (0 conversion time, (g) percentage 
resolution, (h) full-scale error, (i) linearity error, and (j) step-size. 

How many different output voltages can an 8-bil DAC produce? 

What is the advantage of a smaller (finer) resolution? 

A hat is the advantage of the K-2R ladder DAC over the weighted-resistor type DAC.< 

A certain 6-bit DAC uses binary weighted resistors. If the MSB resistor is 40 k£2, what 

is the I .SB resistor? 

X . are voltage DACs generally slower than current DACs? 

■^t the artouN types of DACs and ADCs. Name the most widely used DAC. 

a cLntcr-type C ADC? S1 ° n * ,mC mcrease w,th the va,ue the analog input voltage in 

name oftteTM^prADC? 11 * 1 d ‘ SadVanlagC of a ADC? What is the other 

Tm. a flash-type ADC contain a DAC? ^ 

Hot' l?:r n ,r anBge and disadvaWa 8e of a SAC over a digital-ramp ADC? 
Oivc one ad' T " d ' g " al ' ramp ADC im Prove upon the digital-ramp ADC? 

z z zzzr r-* - - «<—* ~ 

. d 0nc disadvantage of the dual-slope ADC. 
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15. 

16 . 




Name three types of ADC that do not use a DAC. 

Which is the fastest ADC and why? 

What is the other name of the counter-type ADC? 

With the help of neat diagrams explain the working of the following DACs and ADCs. 


( ;) ) R-2R ladder network type DAC 
(c ) Current-switching type DAC 
(c) Current-type ADC 
(g) Flash-type ADC 

(t) Successive-approximation type ADC. 


(b) Weighted-resistor type DAC 
d) Switching-capacitor type DAC 
(0 Tracking-type ADC 
(h) Dual-slope ADC 


PROBLEMS 


13.1 A 5-bit DAC produces an output of 0.1 V for a digital input of 00001. What is the 
full-scale output? Find the output for an input of 10101. 

13.2 The logic levels used in a 6-bit R-IR ladder DAC are: 1 = 5 V and 0 = 0 V. Find 
the output voltage for inputs (a) 010110, and (b) 10101 L 

13.3 fhe logic levels used in an 8-bit R-2R ladder DAC arc: 0 = 0 V and 1 - + 5 V. What 
is the binary input when the analog output is 4 V? 

13.4 Design a 6-bit weighted-resistor DAC whose full-scale output voltage is 12 V. 

Logic levels are 1 = + 5 V and 0 = 0 V. What is the output voltage when the input 
is 1011? 

13.5 How many bits are required for a DAC, so that its full-scale output is 12.6 V and 
resolution 20 mV? 


13.6 


13.7 


13.8 


13,9 


13.10 


13.11 

13.12 

13.13 


A 6-bit DAC has an output current of 20 mA for a digital input of 101100. What will 
be the output current for an input of 010110? 

In the switched current-source DAC shown in Fig. 13.13, R =10 ki2 and E Ri . ¥ = 
, s V. Find the current in each 2 R resistor when it is connected to £ RlF . 

An 8-bit switched current-source DAC of the design shown in Fig. 13.13, has R = 
5 kQ and £ REP = 20 V. Find the total current / T delivered to the amplifier and the 
nutput voltage when the input is 01110100. 

1 he maximum conversion time of a tracking-type ADC is 100 ns. At w hat frequency 
is it clocked? 

A flash-type 5-bit ADC has a reference voltage of 20 V. How many voltage 
comparators does it have? How many resistors does it have? What is the increment 
etween the voltages applied to the comparators? 

llu ' resolution of a 12-bit ADC is 10 mV. What is its full-scale range? 

frequency components of the analog input to an ADC range from 50 Hz to 50 
fr- What is the maximum total conversion time that the converter can have? 

An s ~ bit SAC has a resolution of 15 mV. What will its digital output be for an analog 
,n Put of 2.65 V? 








Chapter 14 


MEMORIES 


14.1 THE ROLE OF MEMORY IN A COMPUTER SYSTEM 


program and Data Memory 


Basically, memory is a means for storing data or information in the form of binary words 
It is made up of storage locations in which numeric or alphanumeric information or 
programs (sets of instructions that a computer executes to achieve a desired result) may 
be stored. Memory used to store data is called data memory , and memory used to store 
programs is called program memory. Small special-purpose computer systems may have 
little or no data memory, whereas a large portion of memory of a general-purpose computer 
system is usually reserved for data storage. 

Computers which store programs in their memory are called stored-program type 
computers. Virtually, all modern computers are of the stored-program type. In these 
computers, programs are stored as a set oi machine language instructions, in binary codes. 
Each memory location is identified by an address. The number of storage locations can vary 
trom a few in some memories to millions in others. 

Each storage location can accommodate one or more bits. Generally, the total number 
of bits a memory v.an store is its capacity. Sometimes the capacity is specified in terms 01 
ytes Memories ar<_ made up oi storage elements (FFs or capacitors in semiconductor 

memories and magnetic domains in magnetic memories), each of which stores one bit of 

data. A storage element is called a cell. 

■. ^ a § nct * c ta P es an( * ma ^tic disks are popular mass storage devices that cost less per 
mat, t ' u !? t f rnal memor 5 devices. A newer entry into the mass memory category is the 
t. ■ O , , 1 1 m _ __ #. | . memory that uses magnetic principles 

an , ‘° nS ° blts on one ch 'P- The MR M is relatively slow and cannot be used as 

an internal memory. 


Main and Peripheral Memory 

internal part of a * S ° c ' ass '^ etl as main or peripheral. The main memory is 

much slower than thr* nw ' on mcmor y wit h very large storage capacity, but it 

large quantities of dato Th' 1 mcmor y‘ ^ °^ ten serves as the data memory for storing ve 

of data. The mam memory that serves as the program memory is in const* 
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rtiunication with the CPU during program execution. The program to be currently 
C01 ' i and any data used by the program are stored in the main memory. Semiconductor 

C ries are well-suited as the main memory because of their high speed of operations 
A semiconductor memory is typically constructed from semiconductor IC devices, 
reas the peripheral memory consists of magnetic tapes or disks. In older computers, the 
WhC memory was constructed from tiny electromagnets called magnetic cores and the term 
memory or simply core was used synonymously with the main memory. Mass storage 
fers to memory that is external to the main computer (magnetic tapes and disks) and has 
he capacity to store millions of bits of data without the need for electrical power. Mass 
memory is normally much slower than the main memory and is used to store information 
(programs, data, etc.) not currently being used by the computer. The required information 
is transferred to the main memory from the mass memory when the computer actually 

needs it. 


14.2 MEMORY TYPES AND TERMINOLOGY 
Memory Organization and Operation 


All memory, regardless of its type or use, consists of locations for storing binary 
information or bits. Each location is identified by an address. A word is the fundamental 
group of bits used to represent one entity of information such as one numerical value. The 
word size -the number of bits in a word—varies among computer systems and may range 
from 4 to 64 or more bits. The word size is usually expressed as a certain number of bytes. 
For example, a 16-bit word is 2 bytes. 

A memory location is thus a set of devices capable ot storing one word. For example, 
each memory location in an 8-bit microcomputer (one that uses S-bit words) might consist 
of eight latches. Each latch , stores one bit of a word, and is referred to as a cell. The 
capacity or size of a memory is the total number of bits or bytes or words that it can store. 
For convenience, the size of a memory is expressed as a multiple of 2 - 1024, whith is 

abbreviated K. For example, a memory of size 2 11 = 2048 is said to be 2K. A memory of 

s ' zc 2 N (16,384) is 16K, and a memory of size 2 16 (65,536) is 64K. 

Every memory system requires several different types of input and output lines to 

perform the following functions. 


1- Select the address in memory that is to be accessed tor a read or write operation. 
2 . Select either a read or a write operation to be performed. 

* 

Supply the input data to be stored in memory' during a write operation. 

■ 

4. Hold the output data coming from memory during a read operation. 

5- Enable (or disable) the memory, so that it will (or will not) respond to the address 


■nputs and read/write command. 


!; iBure 14 la illustrates these basic functions in a simplified diagram of a 32 x 4 memory 
s,ores 32 4-bit words. Since the word size is 4-bits, there are tour data >"P“' « 

) and toe, data oolput lines O u to O,. During a write operation, the da a 
rc Ij°i"’ 0ry have to be applied to the data input lines. During a read operation, e wo g 
U ' m mc niory appears at the data output lines. 
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Data inputs 



(a) 


Memory cells 


Addresses 
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Fig. 14.1 (a) Diagram of a 32 x 4 memory and (b) arrangement of memory cells 


Address inputs 

Since this memory stores 32 words, it has 32 different storage locations and, therefore, 32 
different binary addresses ranging from 00000 to 11111 (0 to 31 decimal). Thus, there are 
fi'.e address inputs A 0 to A 4 . To access one of the memory locations for a read or write 
operation, the 5-bit address code for that particular location is applied to the address inputs. 
In genera], N address inputs are required for a memory that has a capacity of 2 ,v words. 

We can visualize the memory of Fig. 14.1a as an anangement of 32 registers with each 
register holding a -+-bit word as illustrated in Fig. 14.1b. Each address location is shown 

containing four memory cells that hold Is and 0 s to make up the data word stored at that 

location. 


The R/W input 

i hc readywnle (R/W ) in P ut line determines the memory operation that would lake place. 
Some memory systems use two separate inputs, one for read and one for write. When a 

singe R/W input is used, die read operation takes place for R/W = I and the write 
operation takes place for R/W = 0. 


Memory ENABLE 

so thar it h . s ^ stems ^ ave somc means of completely disabling all or part of the memory 
memory ENARi'r re spond to the other inputs. This is represented in Fig. 14.1a as the 
systems. Here it inRut ’ a though it can have different names in the various memory 

normally when it N L°? aCtlVC -HIGH input that enables the memory to operate 

. p GH. A LOW on this input disables the memory, preventing it 

to respond to ariHrpcc d/Tw • J r 

modules are combined to form ^ n j^ Uts ' l yP e of in Pot is useful when several memory 
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, , 4.1 A certain memory has a capacity of 8 K x 16. 

I low many data input and data output lines does it have? 
< l) | low many address lines docs it have? 


(b) 




what is its capacity in bytes. 


i9 


Solution 

(a ) Since the word size is 16 bits, data input and data output will be 16 lines each. 

(b) The memory stores 8 K - 1024 = 8192 words. Thus, there arc 8192 memory 

addresses. Since 8192 = 2 , it requires 13 address lines. 

(C ) A byte is 8 -bits. This memory therefore, has a capacity of 16K. bytes. 


Reading and writing 

The process of storing data in memory is called writing in memory. Retrieving data from 
memory is called reading memory. Figure 14.2 illustrates how reading from and writing into 
memory is accomplished in an 8 -bit microprocessor system. The microprocessor serves as 
the central processing unit (CPU) for the computer. It contains an arithmetic logic unit 
(ALU), numerous registers, and logic circuitry, that it uses to perform read and write 
operations as well as to execute programs. Note the control signals labelled read and write. 
The CPU activates these when a read or a write operation is to be performed. The wide 
two-headed arrow represents an 8 -bit data bus consisting of eight lines on which data bits 


A 

Microprocessor Jn 
(CPU) 


Read 


Bidirectional 
8-bit data bus 


Af 

V 


Unidirectionaf 

16-bit address 


A 

V 


Memory 


Write bus 


J 


Control signals 


Fig. 14.2 Reading and writing of data in a microcomputer system. 

through D 7 are transmitted. It is called a bidirectional data bus, because words can be 
transmitted from the CPU to memory (when writing) or from memory to the CPU (when 
fading), ^he unidirectional address bus is the set ot lines over which the CPU transmits 
address hits corresponding to the memory address to be read or written n 

? am P lc ^own, the address bus is a 16-bit bus (A„ through A IS ) meaning that the CPU can 
• Css ( rea 'l or write into) up to 2 1 " = 65,536 different memory addresses. The following 
wH,. tyP ' Cal “I"*™* of events, during which a byte is read from one memory location and 
nWen "Ho another. 

'■ Thc CPU activates the read control and transmits the 16-bit address, say. 000.\ l6 
tu memory via thc address bus. 
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' AS a result of step 1, the 8 -bit word stored in address OOOA IW say, 45 t „ is placed 
on the data bus and transmitted to the CPU. 

3 Thc CPU aetiva.es the write control and transmits the 16-bit address say, 000B I6 
" ' to memory It also transmits thc 8 -bit data word 45, 6 to memory via the data lines. 

4 , As a result of step 3, the data wond 4S„ is stored at address OOOB,, (thc original 

__ *AArwn urc lOKt). 


RAMS, ROMS, and PROMS 

The type of memoty we have discussed is called the read/write memory (RWM) because 
it an be accessed for both these kinds of operations. On the other hand, read only memoty 
i ROM) cannot be written into. It, is therefore, used for permanent storage ol programs or 

data in dedicated applications. 

The data stored in RWMs constructed from semiconductor devices will be lost it power 
is removed. Such memory is said to be volatile. But ROM is non-volatile. Random access 
memory (RAM) is the memory whose memory locations can be accessed directly and 
immediately. By contrast, to access a memory location on a magnetic tape, it is necessary 
;o wind or unwind the tape and go through a series of addresses before reaching the address 
desired. Therefore, a tape is called the sequential access memory . It is conventional to use 
the term RAM to mean read/write memory, in contrast to ROM. However, most ROMs are 

random access (to read only) in the sense we have described. 

There are three types of ROMs available in ICs. The term ROM by itself generally refers 
o an IC memory whose contents are permanently stored by the manufacturer at thc time 
she circuit is fabricated, a so called factory-programmed ROM. Storing the contents of a 
ROM is called ‘programming the ROM’, although the contents are not necessarily a 
computer program. The manufacturing process of ICs involves the use os a mask which 
is like a template that controls the structure of the circuit. Once a mask ROM is 
manufactured, its contents cannot be altered. Manufacturers provide several standard ROMs 
such as those containing look-up tables and many manufactures custom build a ROM to 
user's specifications. fjjf| 

A second type of ROM available from manufacturers is called the programmable read 
only memory (FROM). A PROM is basically a blank ROM that can be programmed by a 
user by using a special PROM programming apparatus. It is thus said to be field 
programmable. Like a ROM, once a PROM is programmed, its contents cannot be altered. 

third type of ROM available from manufacturers is called the erasable programmable 
reau oruy memory (EPROM). An EPROM can be field programmed and also subsequently 
-■programmed. That is, the contents can be erased and new contents stored in their place. 
1 he -or,tents of an EPROM are still referred to as permanent, in the sense that they arc non- 
• > a.ne and can be erased and reprogrammed only through the use of special equipment. 
Actua iy, there are two types of EPROMs—those that can be erased by exposing them to 
UV light and those that can be erased by subjecting them to certain electrical voltages. The 
latter type is called an electrically erasable PROM or EEPROM. It is also called an 

electrically alterable PROM (EAPROM), or an electrically erasable ROM (EEROM), or an 

elect neatly alterable ROM (EAROM). 
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CO 


of 

nstituents or 


t | ic rc arc two principal types of transistors used in the manufacture of digital 
y/c kn° v ^ BJ fs and MOSFETs. I he 1C memories are available in both of these 

|0 They ar HoweVC r, not every type of memory we have discussed is available in bipolar 

tec |,nologtes- n 

technology- ^QgpgXs arc more easily manufactured than BJTs and occupy much less 
Because ^ t j iat technology has become more dominant in the production of large 
space n f n rate( j circuit memories. However, the BJT memory is considerably faster than 
capacity m ^ ti ‘ or y anc j t he BJT ICs are used in applications where high speed is more 

lhC , than thc large storage capacity. Memory circuits constructed with the 1 : L 
important available. These feature higher speeds than those of the MOS memories 

leC!in ! ) c > itcrCapacity per circuit than that of the BJT memories. 

am ' f r Chapter 11 , we discussed dynamic logic in which logic levels are preserved as charge 
absence of charge) on capacitances. Dynamic memory is constructed with this 
^hdoey Its principal advantages comprise very large number of memory cells in a single 
uit and very low power consumption. However, such circuitry must be periodically 
refreshed to replenish the stored charges. This requirement adds somewhat to the 
complexity of the systems that incorporate dynamic logic. Dynamic memory is available 
only in MOSFET circuits. To distinguish between the dynamic memory and the memory 
that utilizes conventional storage devices such as latches, the latter type is termed static 
memory. Static memoty is available in both BJT and MOSFET technology. To distinguish 
between static RAM and dynamic RAM, the terms SRAM and DRAM are sometimes used. 
Figure 14.3 summarizes the technologies used in the manulacture of IC ROMs an s 

(read/write memories). 

14.3 READ ONLY MEMORY (ROM) 

ROM Organization 

A typical block diagram for a ROM is shown in Fig. 14.4. It ha ^. th ^ ® etS ° f 
address inputs, control input, and data outputs. We can see that t is . .. , . ca . p 
fjjh ^nce it has 2 4 = 16 possible addresses, and each word contains e#t bits since ther 

eight data outputs. Thus, this is a 16 x 8 ROM. Another way to es ^ are 

capacity is to say that it stores 16 bytes of data. The data outputs ° m os _ ^ 

instate outputs to permit the connection of many ROM chips to t e sam 

memory expansion. 

en J he -ntrol input CS stands for chip select. This is esscntiaHy an cnab 1 ^ mput^ th^at 
or disables the ROM outputs. Some manufacturers use di e i 

:r in P ut ’ such as CE (chip enable) or OE (output enabled Many ROM 
c control inputs that have to be active in order to enable the data ou p - 

stamiir 0t the contro1 in P uts (usually the CE) is used to place the ^ M f 1 " m 3 ^system 
by m °4e when it is not being used. This reduces the current drive from tne y 

1 WCr SUpp, y* T he CS input shown in Fig. 14.4 is active-LOW, therefore, it must 


are 
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(a) Read only memories. 



{b) Read/write memories (also called RAM memories). 

Fig. 14.3 Technologies used in the fabrication of 1C memories. 


Address 

inputs 



\ 



Data 

outputs 


/ 


\7 => tri state 


Fig. 14.4 ROM block diagram. 


sla ena ^ e data to appear at the data outputs. Notice that there is 

RAV (read/ write) input, because data cannot be written into the ROM during its nor,llJ 
operation, if CS is kept HIGH, the ROM outputs will be disabled and remain in the Hi-Z su* 
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Tirriino 


propagation delay between the application of a ROM's inputs and the appearance 
There is » P' uts during a read operation. This time delay, called the access time r ACC , is 
0 f the data roM ’ s operating speed. Access time is described graphically bv the 

measure in Fig 14.5. 
weform * ‘8- 



Fig. 14.5 Typical timing diagram for a ROivi read operation. 


The top waveform represents the address inputs, the middle waseform is an 
LOw chip select, CS, and the bottom waveform represents the data outputs. At time r n . 

'he address inputs are all at some specified level, some HIGH and some LOW. ^ 

HIGH - “ 'hat the ROM data outputs are in their Hi-Z state (represented by the hatched l 
Just prior to ^ the address inpu t s are changing to a new address , evc| 

A - ,lon - A. 1 1, the new address is valid, that is, each address input is a v - select 
' 1,s I 10 '" 1 , the internal ROM circuitry begins to decode the new address i p 

t^nable'Th Wh ' Ch ' S send i,S data ‘° ‘ hC 0U,pU ‘ Hi-z'"ttte to the valid 

J" hal rc P re sent the data stored' a. the specified address. The output enable tone k» 

' between the CS input and the valid data output. 
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Types of ROMs 

The mask-programmed ROM (MROM) 

TV mask-oroerammed ROM has its storage locations written into (programmed) by the 
The TTUbk yrogi _ customer’s specifications. A photographic negative called a 

manufacturer accordmg o the cusmme P on , he chj A ja , mask 

maSk H ^ each differcnt'set of inflln to be stored in the ROM. Since these masks 
inexpensive this type of ROM is economical only if manufactured in large quantities. A 

major isadvantage $ this ***£££ 

confusing since the term ROM acmaHy 
represents a broad category of devices that, during normal operation, are only read from. 

Cre A6a shows bipolar ROM cells. The presence of a connection from a row line 
•, .he base of a transistor represents a 1 at that location, because when the row line is taken 
“ b r t transistors with a base connection to that row line turn on, and connect the 
HIGH (1) to the associated column lines. At the row/column junctions where there are no 
connections, the column lines remain LOW (0) when the row ,s addressed. 


COLUMN 


ROW 



ROW 


* m 4 - m 


storing a 1 


(a) Bipolar cells 


ROW 



M 4- * i 


ROW- 


COLUMN 



storing • 0 


COLUMN 


storing a 1 



■ * 


storing 


• 0 


(b)MOS cells 

Fig. 14.6 Bipolar and MOS ROM cells 


* 

l 

1 
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illustrates MOS ROM cells. They are basically the same as the bipolar 
figure 1A t j icy are ma( j e w ith MOSFETs. The presence or absence of a gate 

R 0M cells- C t X ^ C P unction permanently stores a 1 or a 0 as shown. 

1 .rammable read only memories (PROMs) 

pr0g ,t ROMs are not economically feasible unless produced in large quantities. 

fdask-prog ra ™ mc f ld programma ble ROM or PROM is ideally suited for development 

On the other hano, quantities. The PROMs are not programmed during the 

work and sma P but are custom-programmed by the user. Once programmed, 

manufacturing P ’ which cannot be erased and reprogrammed. Thus i 

however, a PROM is like an MRU ^ ^ ^ ^ chanecdi ., ^ w bc lhrown away . F or 

the program in the referred to as ‘onc-timc programmable' ROMs. PROMs 

"*»• - ■>»“ **« 

with relatively little cffort ilir t0 lhe MROM. but the PROMs are manufactured 

The PROM structure is vc y ■ *hiown’ bv the user to create open circuits in a 

with fusible links that can be sclccuv y _ fusible links in series with 

cc „ array. Figure 14.7a shows an array of cells^ (# arc storcd at 

the emitters of all transistors. Stn ry oaratus calJcd a pr0 m programmer, a user 

every memory location. Using a spe transistors at cells, where a 0 is to bc stored, 
causes a large current to flow throug thus d i scon nccting the emitters. Figure 

The current blows open the fuses in tho has ll b ’ cen p rogram med, its contents cannot be 
14.7b shows an example. Once a ^ . h urne d-opcn links cannot be restored, 

changed (except to store additional Os) eca nichrome or titanium-tungsten, 

Fusible links arc constructed by u«ng. «*-> ^r'" ubjcc ,s the selected ccUs Jc 
or by using poly crystal line silicon. A PR P controlled, as necessary to bum 

current pulses whose amplitudes and dura io . orogrammer is fully automatic, in 

the type of links used. A typical commercially ava^^ P ^ jn(0 the programmer 

the sense that the data to be stored in the _ memory addresses of the PROM an 

which then automatically sequences thr0 JJ g ct ce n locations. _ g 

supplies the necessary current pulses at the c 0 f organizations, including x _ 

Bipolar PROMs are available in a wlde v ® A c< 7 o /71 ) 8 256 x 8 (74LS471), 512 x 8 
(74S188/288), 256 x 4 (74S287/387), 512 x 4 [ series), 2048 x 4 (77S184senes), 
(748472/73), 1024 x 4 (74S72/73), 1024 x 8 (77S18 ^ x 8 (77S321 scries). All 

2 048 x 8 (77S190 series), 4096 x 4 (77S195 sene }. ^ avajlab , e with open coUector o 
have enabling/chip select inputs, and different vc _ f mred with 0s stored in all t « 
Estate outputs to facilitate expansion. Many are (EPROMs); but some large cap 
'"stead of is. Most MOSFET PROMs arc erwabU- CEPIR tmX 27pc0 , 0 and the 64K 

PROMs are also available. Examples include, t c ^ with a capacity of 32K ■. 

16 TMX 27PC210, The TMS 27PC256 is a CMOS with max imum access 

a st andby P o WC r dissipation of only 1.4 mW. It 
lan g'ng from 120 to 250 ns, 


" ^ ^ V * I Mi 

Erasable programmable read only memories (EPROMs) 

Uki> tw_ . .... . _lu doom fEPB 






. ^ n ,1 iTrtr 
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Output data bits 


Address 

rows 


/ 



(a) A bipolar PROM array before programming. All fusible links are 
intact, so a 1 is stored in every cell. 


Address 

rows 


Output data bits 



(b) Example of the PROM array after programming. The fusible links 
have been permanently burned to store Os at the selected 
locations. The word 010 is stored at address 0 and 101 at address 


Fig, 14.7 A bipolar PROM array before and after programming. 

* arid 

small cost. The principal feature of the EPROM is, that its contents can be cr “ t j ie 
reprogrammed, enabling the same device to be used repeatedly. Once programme • ^ 
EPROM is non-volatile meaning that it would hold its stored data indefinitely. The term 
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i ism used 


i if. prOM is often used with EPROM, since that is the mechani 

vi „lC (0V) ^ sablC 

(l) erase it- _ ^ programming an EPROM involves the application of special voltage 
The process ^ ^ y range) to the appropriate chip inputs for a specified 

levels (tyP ical y (typically 50 ms per address location). The programming is usually 

amount of a j circuit, which is outside the circuit in which the EPROM would 

performed by a *j\ Thc com p| c tc programming process can take up several minutes for 

eventually he wor E )M p s arc constructed from MOSFETs whose gates have a 

one EPROM chip- The 

special design. th cc n s must be exposed to relatively intense UV radiation. Thc 

r ° crasC an „ transparent quartz window to permit exposure of the cells to UV radiation. 
EPROMs have _ P ^ rcquircs 15 to 30 minutes of exposure to UV rays. 
This erasing process yp y , the selected cells; the UV light erases all cells 

Unfortunately, there is E prOM stores all Is. Once erased, the EPROM can be 

< * Sam ,w" on "an EPROM has been programmed, an opaque label is p.aced over .he 

window 10 prevent stray radiation from cm & 8 devices with 

The EPROMs are available » . w derange ofeapacd. A popular hue of 

a capacity ol 128K x 8 and an a . Y j t i lt , 27CXX series, in both NMOS and 

commercially available EPROMs is the 2 7XX and the 27_ X ^ ^ ^ ^ h the 

CMOS (27CXX) versions. Thc XX designsit P * g NM0S E PROM. 

scries store 8-bit words. For example, the .732 


sctricaHy erasable PROMs (EEPROMs) ^ ^ ^ they have t0 be 

noted earlier, the EPROMs have two major di.^ n r0 3 a mmed Second, the eraser 
noved from their sockets in order to be erase a complete reprogramming even 

noves the complete memory contents, this* nCLes _, disadvantages are overcome in 
ten only one memory word has to be changed. These o 

iPROMs. ., t - the most recent development in 

The electrically erasable PROM (EEPROM) represe ^ the EEPROM dous not 

ie evolution of ROM technology. Unlike the crab „ d {0 a different environment to 
-cessarily have to be removed from a circuit an e/ roe , ran ijned with modest 
- erased. Many EEPROMs can be both erased ai _ amm j ng circuitry into <- 
; quirements, so it is possible to integrate eras,n £ a b riiut the EEPROM a step close 

■stem utilizing the memory. Although these capa i _ ‘write* (erase andj'eprogra 

1 ^coming a non-volatile R/W memory, the time requ nven tional R/W memory 

isti » in the millisecond range, far less than that required by pQSSlble t0 erase ^and 

' nother advantage of the EEPROM over the EPRO erased in a ^ sh d 

^ tore a ^ngle hyte in an aiTay. Also, the EEPROM^ uV Ught) and programmed 
>ns compared to 30 minutes required for EPR h data won j compare 

r dl y (it requires only a 10 ms programming pulse for ^ 

pulse required for an EPROM). introduced by the Intel Corpo ^ g 

n | 9 8 ? Intel 2816 was the original EEPROM. t w ^ ^ The 2864 ** a the eraser 
ipww w, th 2K x 8 canacitv and an access . ■ u voltages ... rhi« 
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tn lt _ a c the static RWM devices. Of course, unlike the 
makes the 2S64 almost as ea>> ... . , d jj wr i tten data when power is turned 

— Z internal circuitry and much faster 

off. On the other hand, the static 

access time, ||| ma 


Applications of ROMs 


APPIlWtfVIMlia -- 

.. n r « nil i r inii non-volatile data storage, where the data 
ROMs can be used >" “S' A ^J bf . bc ^ ow so me of the most common application 
rarely or never changes, c j 

fpr 

areas. 

Microcomputer program storage (firmware) r ones. c nm 

firmware is the most widespread application ot ROMs. Some 
At present, microcomputer fim ■ RQMs t0 store the ir operating system programs 

personal and business mtcroeomp |tat thc computer can be used immediately 

and their language interpreters (e.g. c k a microc o mpu tcr to control their operation 

after power is turned on. Products E ples are electronic games, electronic cash 

use ROMs to store thecon *olS^puterJittrolled automobile fuel injection systems. 

™ - fefcrred ,o as 

software, because they can be easily altered. 

Bootstrap memory .„,i»m 

Many microcomputers and most large computers do n °‘^ av ' ^ mass memory, 

programs stored in ROMs. Instead, these programs ^ stored >n eternal 
usually the magnetic disk. How, then, do these computer ^ow what tt ^ ^ g R0M 
powered on? A relatively small program, called the bootstrap g . ^ ^ bool strap s). 
(the term bootstrap comes from the idea ot pulling onese p y bootstrap 

When the computer is powered on, it will execute the ms.mcfion h f 'Jem hardware. The 
program. These instructions typically cause the CPU to initialize t y ^ (distc into 
bootstrap program then loads thc operating system programs p lbl . operating 

its main internal memory). At that point, thc computer begins & occss is 

system program and is ready to respond to thc user commands. This F 

often called ‘booting up’ the system. 

Data tables xa mplcS a fC 

ROMs are often used to store tables of data that do not change. Some 
trieonometric tables (i.e. sine, cosine, etc.) and code conversion ta es - f cUO ns- l,lC 
Several standard ROM look-up tables are available with trigonometr Q an d 

National Semiconductor MM 4220BM stores thc sine function for angles ^ ^ data 
degrees. This ROM is organized as a 128 x 8, with seven address m P u ^ q. 7 deg |CC 

outputs. The address inputs represent the angle in increments ot approx inv ad^ rt; ^ 

For example, the address 0000000 is for 0°, thc address 0000001 is lor ^ an a ddr^ s 
0000010 is for 1.41°, and so on up to address 111 111 l which is 8 L ).3 anU c 

is applied to the ROM, the data outputs will represent thc approxima 
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cx ample, with input address 1000000 (representing approximately 45°), the data output 
■i| be 10110101. Since, thc sine is 45°, these data are interpreted as a fraction, 0.10110101, 
^hich when converted to decimal equals to 0.707 (the sine of 45°). 

Data converters 

The data converter circuit takes data expressed in one type of code and produces an output 
expressed in another type. Code conversion is needed, for example, when a computer is 
outputting data in straight binary code and it is required to convert it to BCD in order to 
display it on seven-segment LED readouts. 

One of the easiest methods ot code conversion uses a ROM programmed such that the 
application of a particular address (the old code) produces a data output that represents the 
equivalent one in the new code. Thc 74185 is a TTL ROM that stores the binary-to-BCD 
code conversion for a 6-bit binary input. To illustrate, a binary address input of 100110 
(decimal 38) will produce a data output oi 00111000, which is the BCD code for decimal 

38. 


Character generators 

If you have ever looked closely at the alphanumeric characters (letters, numbers, etc.) 
printed on a computer’s video display screen, you might have noticed that each is generally 
made up of a group of dots. Depending on the character being displayed, some dot positions 
are made bright while others are dark. Cach character is made to fit into a pattern of dot 
positions, usually arranged asa5x7or7x9 matrix. The pattern of dots for each character 

can be represented as a binary code (i.e. bright dot = 1, dark dot = 0). 

A character generator ROM stores the dot pattern codes for each character at an 
address corresponding to the ASCII code for that character. For example, the dot pattern 
for the letter A would be stored at address 1000001, where 1000001 is the ASCII code for 
uppercase A. Character generator ROMs are used extensively in any application that displays 

or prints out alphanumeric characters. 


Function generator 

The tunction generator is a circuit that produces waveforms such as s * ne . u. 
*aves, triangular waves, and square waves. Figure 14.8 shews how a ROM look-up.tab 

J nd DAC are used to generate a sine wave output signal. The ROM „ 

8 -b‘t values, each one corresponding to a different waveform value, i.e. a different g 

l w ">t on the sine wave. Thc 8-bit counter is continuously pulsed by a cloak J>' g " a .L. 

sequential address inputs to thc ROM. As the counter cycles through ^ a 

"Idrcsscs, thc ROM outputs the 256 data points to the DAC. The DAt P ^ ^ 
v ‘iveform that steps through thc 256 different analog voltage values eonepo g 

t ta Wints. A low-pass filter smoothes out the steps in the DAC outpu to pmdu v a 
* “°lh waveform. Circuits such as these are used in some commercial tin m 

y* idea is used in some speech synthesizers where the d.gmzed speech 

U ? arc st °rcd in a ROM. a -i a ms a 6-bit BCD-to- 

bj J 'BUrc 14.9 shows the pin diagrams of ROM ICs 74184 and 74185, 

ill Y Convprw » - _urn njinvprter reSDCCtlVCly* 
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Fig. 14.8 Function generator using a ROM and DAC. 
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(a) The logic diagram of the 74184 6-bit 
BCD-to-binary converter 


(b) The logic diagram of the 74185 6-bit 
binary-to-BCD converter 


Fig. 14.9 Pin diagrams of 74184 and 74185. 

: :.c use o! ROMs as binary-to-B ( D converters and BCD-to-binary converters, and als° 
t. > a to use them to obtain the 9's complement and 10 s complement of BCD numbers, is 
istrated tn figs. 7.28. 7.29, 7.30, and 7.3) in Chapter 7 (Combinational Circuits). 

14.4 SEMICONDUCTOR RAMS 

I.. i ti s term RAM is used with semiconductor memories, it is usually taken to mean ^ 
•vrite memory (RWM) as opposed to ROM. The RAMs are used in computers tor 
temporary storage of programs and data. The contents of many RAM address locations 
read from and written to as the computer executes a program. This requires ta sI r ^ a - or 
Ante cycle times for the RAM so as not to slow down the computer operation, A _ (S 

disadvantage of RAMs is that they are volatile and lose all stored information d P ve r 

interrupted or turned off. Some CMOS RAMs, however, use such small amounts o 1 
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in the standby mode (when no read or write 
from batteries whenever the main power is 
RAMs is that they can be written into and 
Like the ROM, the RAM can also be 
each storing a single data word and having a 
word capacities of IK., 4K, 8K, I6K, 64K, 
4 , or 8-bits. The word capacity and word 
memory chips. 

Static RAMS (SRAMS) 



interrupted Of course th/m * powcrc0 
. oursi., the main advantage of 

read from rapidly with equal ease 

>ughl of as consisting of a number of registers 

J2"£*« 1* RAMs typically come with 
I28K, 256K and I024K. and word sizes of I 

M/c can be expanded by combining several 


The static RAM can store data as long as power is applied to the chip. Its memory cells 

are essentially fltp-flops that will slay a given state (store a bit) indefinitely provided that 

power to the ctretnt ts not interrupted. On the other hand, dynamic RAMs' store data as 

chaiges on capacitors. With dynamic RAMs. the slorcd data will gradually disappear 

because of capacitor discharge, therefore, it is necessary to periodically refresh the data (i e 
recharge the capacitors). 1 ’ 

Staiiu RAMs (SRAMs) are available both in bipolar and MOS technologies although the 
vast majority of applications use NMOS or CMOS RAMs. As stated earlier the bipolars 
have the advantage of speed (though NMOS is gradually dosing the gap), while the MOS 
^ CV1CCS nave muc * 1 greater capacities and lower power consumption. Figure 14.10 shows. 




ia) A bipolar (TTL) RAM cell constructed from (b) NMOS RAM cell 

inuiti-emitter transistors cross connected to 
form a latch 



F 'g. 14.10 The bipolar, NMOS, and CMOS RAM cells. 
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for comparison, a typical bipolar static memory cell, a typical NMOS static memory cell, 
and a typical CMOS static memory cell. The bipolar cell contains two multi-emitter 
transistors and two resistors. The NMOS cell contains four ^-channel MOSFETs. Th e 
CMOS cell requires two CMOS FETs. 

The RAM ICs are most often used as the internal memory of a computer. The CPU 
continually performs read and write operations on this memory at a very fast rate 
constrained only by the limitations of the CPU. The memory chips that are interfaced to the 
CPI have to be. therefore, fast enough to respond to the CPU read and write commands. 
Figure 14.11 shows the timing diagrams of a typical RAM chip for a complete read cycle 

and a complete write cycle. 


Read cycle 


The waveforms in Fig. 14.11a show how the address, R/W and CS inputs behave during 
a memory read cycle. The CPU supplies these input signals to the RAM when it wants to 
read data from a specific location. Although a RAM may have many address inputs coming 
from the CPU’s address bus, for clarity, the figure shows only two. . - 

The read cycle begins at time / 0 . Prior to that, the address inputs will be whatever 
address is on the address bus from the preceding operation. Since the RAM s chip select 

is not active, it will not respond to this old address. Note that, the R/W line is HIGH prior 

to r 0 , and stays HIGH throughout the read cycle. In most memory systems, the R/W is 
normally kept in the HIGH state except when it is driven LOW during a write cycle. The 


RAM’s data output is in its Hi-Z state, since CS — 1. 

At r „ the CPU applies a new address to the RAM inputs; this is the address of the 

location to be read. After allowing time for address signals to stabilize, the CS line is 
activated. The RAM responds by placing the data from the address location onto the data 

output line at t v The time between r 0 and t , is the RAM’s access ime, t AC c» an ^ ' s l ' rne 
between the application of the new address and the appearance ol the valid output data. 
The timing parameter, / co , is the lime it takes for the RAM output to go from Hi-Z to 

a valid data level once CS is activated. At time r 2 > the CS is returned HIGH, and the RAM 
output returns to its Hi-Z state after a time interval / 0D . Thus, the RAM data will be on t e 
data bus between and ty The CPU can take it from the data bus at any point during t IS 

interval. In most computers, the CPU will use the PGT of the CS signal at t 2 lo l atc j) the ® e 
data nto one of its internal registers. The ‘complete read cycle time’, extent ^ s 
to r 4 , when the CPU changes the address inputs to a different address for the next rea 

write cycle. "''JSl 


Write cycle 

Figure A.llb shows the signal activity for a write cycle that begins when the CPU supp 

a new address to the RAM at time The CPU drives the R/W and CS lines Luw 
waiting for a time interval f AS , called the ‘address set-up lime’. This gives the _ ^ 

address decoders time to respond to the address. The R/W and CS are held LOW 0 
time interval f Wl called the ‘write time interval’. 
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(a) Read cycle 
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(b> Write cycle 

'9- I4.1i Typical timings for SRAM: (a) read cycle and (b) write cycle. 

t0 bc writ? th,S Wr ' tC time interva| . at time the a PP lies valid data t0 the ***** buS 
interval mt0 the RAM * These data have to be held at the RAM input for at least a time 

t»s prior to, and for at least a time interval after, the deactivation of the R W 
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and CS at time t 2 . The r DS interval is called the ‘set-up time , and the / Dl) interval is called 
the ‘data hold time’. Similarly, the address inputs have to remain stable lor the ‘address 
hold-time interval' / All . after t 2 . I f any of these set-up or hold time requirements are not met, 

the write operation will not take place reliably. 

The ‘complete write cycle time’, / W o extends from / 0 to t A , when the Cl U changes the 

address lines to a new address for the next read or write cycle. 

The ‘read cvcle time’, t RC , and the ‘write cycle time , t wc , essentially determine how 
Cist a memory chip can operate. For example, in an actual application, a CPU will often be 
reading successive data words from memory one after the other. If a memory chip luis a 
i of 50 ns, the CPU can read one word per every 50 ns, or 20 million words per second 

(20 MHz). 

ECL RAMS 

The RAMs constructed using the ECL technology have the highest speed among those wc 
have considered so far. The access time for bipolar TTL RAMs is ol the order of 25-50 
ns- for MOSFET RAMs, it is of the order of 200-400 ns (although some new CMOS 
designs have speeds approaching those of the bipolar RAMs). The access time lor ECL 
RAMs is of the order of 5-10 ns. The ECL RAMs consume considerable power and are 
not available in large sizes; they are therefore used where speed is the most important 
consideration. Examples, include cache memory, where data from a slower memory can be 
stored for quick access by a CPU, and scratch pad memory used lor storage of the 
intermediate results of computations. In these applications, data must be stored and retrieved 
very rapidly in order not to delay the high-speed computations performed by an ALU. 

The ECL RAMs typically have open-emitter outputs to tacilitate expansion an win 
ORing. They also have separate pins for input and output data, a feature that can e use 
to reduce delays between the read and write operations; new data to be written ca 
applied while the old data is still being read. As an illustration of the varieties aval 8 _ |j ^ 
National Semiconductor line of ECL RAMs ranges from 256 x 1 to IK x 4 an _ 
Note that, these sizes, while small compared to MOSFET RAMs, arc considcra y g 

than those of the TTL RAMs. it* 

Dynamic rams (drams) 

* I 

D>namic RAMs are fabricated using only MOS technology and they are noted for llici ^ 
capacity, low power requirement and moderate speed, 'the need tor rej ■ _ 

disadvantage of DRAMs as it adds complexity to the memory system design* ^ 
recently, the system designers had to include additional circuitry to implement lie 

w k ini access*^ 1 

refresh operation during the time intervals when the memory was not being ^ | ic lp 

a read Of write Nlniif tUnffi urn liuA ullnrnuti vne a VH ll.lblc tO dcsignc 


u 

niory 


a read or write operation. Now', there arc two alternatives available 'nteg 

neutralize this disadvantage. For relatively small memories (< 64K words), ihe ■^ 


rate 


on 


r ^ h rircw; 

RAM uRAM) provides a solution. An iRAM is an 1C that includes the relres s just 

the >amc chip as the memory cell array. The result is a chip that externally °P ’ ;l 
like a static RAM chip—you apply the address and collect the data—but interna j^fres* 1 
nigh density DRAM structure. Tire designer is not concerned with the mem® 
operation; it is done internally and automatically. 
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called dynamic memory controllers which contain all of the “?* 151 Chlps 

Z DRAM chips that make up the system. This greatly reduces^ E ‘ C ° r refreshin 8 
circuitry in a dynamic RAM system. amoun t of extra 

For applications, where speed and reduced complexity are more cri.ici ,k 
power considerations, static RAMs are still the best. They are eenerallv f Spa “ and 

a „d require no refresh operation. They are simpler to design but cannot" ^ ° RAMS 
higher capacity and lower power requirements of DRAMs. 8 compete with 

of SRAMs. This allows four limes as much memory capacity Jbe olactd" timeStha densi,y 
or alternatively, requires one-fourth as much board space for th^ 1™ 77" b ° ard ’ 

Be cos. per bit of DRAM storage is typical,y one-fifth to one-fourth Z, SRAM? A 
further cost saving is realized because the lower power requirement of a DRAM , „ 

supplies^ “ 0ne ‘ ha ’ f ,hlU ° f 3 SRAM ’ aU ° WS thC USC ° f ^“ess ex^iv^ 

The main applications of SRAMs are in areas where only small sizes of memory are 
needed (up to 64K) or where htgh speed is required. Many microprocessor controlled 
instruments and appliances have very small memory capacity requirements. Some 
mstroments such as dtgt.al storage oscilloscopes and logic analyzers require very hi„h speed 

memory; for such applications, SRAMs are normally used. ^ 

The mam internal memory of most personal computers is DRAM, because of its hi«h 
upacty an, low power consumption. These computers, however, sometimes use small 

and took°up S tobte aS ^ ^ funCli ° ns ret l llir,n 8 maximum speed such as video graphics 

transistors per cell and relied on inherent cate 
wpaeitance of the transistors for storage of charge. The 4-transistor cell was complex. 

ca -I ^ rans ' s ^ ors were needed to buffer and sense the tiny charges stored on the gate 
sin?] * anCe ’, ^ ^ a * ei * m P r ovement was a 3-transistor cell and the most current design is a 

simpHc^^T t0r CC ^ s ^ own 14,12. The single-transistor cell is the ultimate in 

rea( j trans * stor serves as a transmission gate controlled by the address line. To 

v olht> > C ^ drCSS ' ine ls niac ^ e HIGH, turning on the transmission gate, and the capacitor 
Vn i t 6 a PP ears on the bit line. To write, the address line is again made HIGH, and the 

Reud" out ’ ° U inCS c " ar ^ es or ^' sc htirges the capacitor through the transmission gate. 
ls ^ estru ctive, so every read operation must be followed by a write operation. 

Bit line 


(column) 



Address line 
(row) 


Capacitor 


^•9* 14.12 The single-transistor dynamic memory cell 
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Address Multiplexing 

ln or j„ lo reduce Ihc number of pins on high capacity DRAM chips, manufacturers utilize 
address multiplexing whereby each address input pin can accommodate two different 

address bits. 

dram Refreshing 

DR W cells have to be refreshed periodically as otherwise the stored data will be lost. In 
dynamic memories, refreshing can be accomplished by reading, since data must be 
aut rmatically written back into the cells that are read. The maximum time between refresh 
•voles iv typically 2 4. or 8 ms in modem RAMs. Although it would be possible to read 
- cell in succession and thus refresh the entire memory during each refresh cycle, most 
dynamic memories are refreshed one entire row at a time in order to reduce the number 
of read operations that must take place to refresh the complete memory. In burst mode 
refreshing each row of cells is refreshed in succession, with all normal memory operations 
suspended until all rows have been refreshed. Alternatively, row refreshing can be 
interspersed with other memory operations. In either case, refresh control circuitry is 
necessary to synchronize refresh cycles and to ensure that every row is refreshed within 
•he specified time. Most manufacturers of dynamic memory ICs have developed special ICs 
rohandle the refresh operation as well as the address multiplexing needed by the DRAM 
systems. These ICs are called dynamic RAM controllers. Some DRAMs have built-in refresh 
control circuitry and are said to be pseudo-dynamic (or semi-dynamic), because a user is 
not required to provide external hardware to accomplish the refresh task. 

14.5 MEMORY EXPANSION 

In most IC memory applications, the required memory capacity or word size cannot c 
satisfied bv one memory chip. Instead, several memory chips arc combined to provfe * 

desired capacity and the word size. The process of increasing the word size or capacity y 

combining a number of IC chips is called memory expansion. In a bit-organized memory* 
each IC stores I-bit of each word. For example, in a bit-organized 128K x 8 mern ^f’ y i 
LSB of each word is stored in one 128K. x 1 circuit, the next LSB in another 128 ^ 

circuit, and so forth. A memory in which every bit of a word is stored in each circu ’ 
said to be word organized. For example, a word-organized 128K. x 8 memory might con 
of si xteen 8K. x 8 circuits. In each of the above examples, memory expansion is rc< ^ _ r( j, 
ln the bit-organized memory, we must interconnect eight 128K. x 1 circuits and in the ^ 
organized memory, we must interconnect sixteen 8K x 8 circuits. Some organiz ^ ^ 
requ rc an expansion in word size as well as expansion in word capacity. For exatnp ^ 

we wish to construct a 128K x 8 memory using 16K x 4 circuits, we would nee 

the latter for each 16K of 8-bit words or a total of 2 x (128K/16K) = 16 circu,ls ' eS a(C 
hgure 14.13 shows how two 16 x 4 memory RAM chips with common I/O ^ cC 
combined to produce a 16 x 8 memory. Since each chip can store 16 4-bit words an 
S-bit words a: ; to be stored, each chip is used to store half of each word. 
words, RAM 0 stores the four higher order bits of each of the 16 words, and RA M 
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Address 

bus 


R/W 


A, \ 


R/W 


RAMO 

16x4 


I / 0 3 I/O; I / O, I / O 0 

I 



A ? A, A, 


RAM 1 
16 x 4 


CS 


op, i/oj/a 

-Z-x— 1 



Data 

bus 


Fig. 14.13 Combining two 16x4 RAMs for a 16x8 module. 

th p 

ni] , ° ( Ur * 0Wu order bits of each of the 16 words. A full 8-bit word is available at the RAM 

jis connected to the data bus. 

four f ° nC ^ words is selected by applying the appropriate address code to the 

CPU 'Jyj Sddress ^ us (AB 3i AB 2 , AB, and AB (( ). The address lines typically originate at the 
each :h‘ CUC ^ at ^ ress hus line is connected to the corresponding address input of 

address' ^ . S nicans that once an address code is placed on the address bus, the same 
at •' C ° de * s a PPi* c d to both chips such that the same location on each chip is accessed 

q same time. 

e the address is selected, we can read or w r rite at this address under the control 

oi the r _ _ 

This c au mm ° n R/W and CS Iine * To read > nmst bc HIGH and CS mU$t bC L ° W * 

the unp c {/O lines to act as outputs. RAM 0 places its selected 4-bit word on 

data j, l |f r 0Ur data hus lines and RAM 1 places its selected 4-bit word on the lower tour 
tra bsniitt C( j IneS ’ data ^ us *h en contains the full selected 8-bit word which can now bc 

some other device (usually a register in the CPU). 
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‘P 


& /o 7 - r - :: a z 

bte vrin be "written into the selected location of RAM 0 and the lower four bits Will be 

""Tessence''the combination of two RAM chips acts like a single 16x8 memory eh 

We would refer to this combination as a 16 x 8 memory module. 

The metLd illustrated here for increasing the word size appl.es to all o the memory 
devices we have discussed, including ROMs, PROMs, and stat.c RAMs. II the memory 

circuits are dynamic, then the RAS and CAS inputs are also paralleled. 

-V r u 2 The 2P5A is a static RAM IC that has a circuitry of IK x 1, one active- 
LOW chip select, and separate data input and output. Show how to combine several 2125A 

ICs to form a IK x 8 module. 

Solution 

The arrangement is shown in Fig. 14.14, where eight 2125A chips are used for a IK X 8 
module. Each chip stores one of the bits of each of the 1024 8-b.t words. Note that, ail 

of the R1 W and CS inputs are wired together and the 10-line address bus is connected to 
the address inputs of each chip. Also, note that since the 2125A has separate data m and 
data out pins, both of these pins of each chip are tied to the same data bus hoc. 

Figure 14 15 shows how two 16 x 4-bit chips can be combined to store 32 4-bit words 
Each RAM ,s used to store 16 4-bit words. The data I/O pins of each RAM are connected 
to a common 4-line data bus. Only one RAM chip can be selected (enabled) at one time 
such that there are no bus contention problems. This is ensured by driving the respective 

CS inputs from different logic signals. . . , 

Since the total capacity of this memory module is 32 x 4, there are 32 ditte 

addresses. This requires five address bus lines. The upper address line AB 4 is used to select 

one RAM or the other (via the CS inputs) which is to be read rom or written into. The 
other four address lines AB 0 to AB 3 are used to select one memory location out oi 16 from 

the selected RAM chip. 

To illustrate, when AB 4 = 0, the CS of RAM-0 enables this chip for read or write. Then, 
an\ address location in RAM-0 can be accessed by AB 3 through AB 0 . The latter ou 
address lines can range from 0000 to 1111 to select the desired location. Thus, * he rang 
of addresses representing locations in RAM-0 is AB 4 AB 3 AB 2 ABj AB 0 = 00000 to 

Note that, when AB 4 = 0, the CS of RAM 1 is HIGH, therefore, its I/O lines are disabM 
(high impedance) and cannot communicate (give or take data) with the data bus. 

When AB 4 - 1, the roles of RAM-0 and RAM-1 are reversed. The RAM-1 is 11 
enabled and the lines AB 3 to AB 0 select one of its locations. t o 

Thus, the range of addresses selected in RAM-1 is AB 4 AB 3 AB 2 AB, AB 0 = 100 


11111. 


EXAMPLE 14.3 It is desired to combine several IK x 8 PROMs to produce a total cap 
ot 4K x 8. How many PROM chips arc required? Show the arrangement. 


achy 


10 - Line address bus 
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Fig. 14.15 Combining two 16x4 chips for a 32 x 4 memory. 


Solution 

Four PROM chips are required, each chip storing IK of the 4K words. Since 4K = 4 x 1024 
= 4096 = 2 , 12 address lines are required. The arrangement is shown in big- 14.16. rhe 

decoder circuit is required for generating the CS input signals. The two highest order lines 
A, | and A ]0 are used to select one ot the PROM chips, the other 10 address bus lines go 
t each PROM to select the desired location within the selected PROM. The PROM 
se.ee.ion is accomplished by feeding A], and A j0 into the decoder. The lour possible 

combinations are decoded to generate active-LOW signals which are applied to CS inputs. 
For example, when A tl = A l0 = 0, the 0 output of the decoder goes LOW (all others arc 
HiGH) and enables PROM-Q. This causes the PROM-O outputs to generate the data vvor 
internally stored at the address determined by A 0 through A v . All other PROMs are disabled. 

\Mnle A u — A l0 - 0, the values ot A tJ through can range from all 0s to all Is. Thu 
PROM respond to the following range of 12-bit addresses. 

A, r A 0 = 0000 0000 0000 to 0011 1111 I 111. 
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ion of 4K x 8 memory from IK x 8 circuits (Example 14.3). 
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Similarly, when A n = I and A, 0 = 0, the decoder selects PROM-2 which then respond 
bv putting the data word it has internally stored at the address A,, trough A^, Thus, ( 
responds to the following range of addresses. 

A l( -A 0 - 1000 0000 0000 to 101111111111. 

Combining drams 

DRAM ICs usually come with word sizes of 1 or 4 bits. In order to use these ICs j n 
computer systems requiring word sizes of 8 or 16 bits, it is necessary to combine several 
of them in a manner similar to that for static RAMs and ROMs. 


14.6 NON-VOLATILE RAMS 

Though semiconductor RAM devices have the definite advantage of high-speed operation, 
they are volatile. The ROM, of course, is non-volatile, but it cannot be used as R/W 
memory. In some applications, the volatility of RAM can mean the loss of important or 
crucial data in the event of a power failure. There are two solutions to this problem. The 
first is to use memory that can be powered from back-up batteries whenever power failure 
occurs. This requires memory that will not rapidly drain the back-up batteries. The CMOS 
has the lowest power consumption of all semiconductor RAMs, and in many cases, can be 
powered from back-up batteries. Of course, when powered by batteries, the CMOS RAM 
chips need to be kept in their low power standby mode or the lowest power drain, Some 
CMOS SRAMs include a small lithium back-up battery right on the chip. Another solution 
is to use a device called a non-volatile RAM (NVRAM). A NVRAM contains a static RAM 
array and an EEPROM array on the same chip. It combines the high speed R/W operation 
of the static RAM with the non-volatile storage capability of the EPROM. Each cell in the 
static RAM has a corresponding cell in the EEPROM, and data can be transferred between 
the corresponding cells in both directions. During normal operation, data are written into and 
read from he static RAM cells as with any conventional SRAM IC. When power failure 
occurs or the power is turned oft', the following sequence of events takes place. 

I An externa voltage sensing circuit delects a drop in the ac source voltage, and 
sends a signal to the NVRAM's STORE input. Alternatively, the CPU may send the 
STORE signal after it receives a power failure interrupt signal. 

2. Ft is causes the NVRAM to transfer the contents of all the static RAM cells to their 
corresponding EEPROM cells in parallel, such that the complete transfer takes P^ ac< j 
m only a few ms. Because of its large output capacitors, the 5 V dc supply wi 
keep the NVRAM powered up long enough for the transfer to be completed. T 
EEPROM now holds a copy of the RAM data at the instant of the power failure. 

3. ^hen power is restored, the NVRAM will automatically transfer the data from ® 

, 'I ^ c; back into the RAM. The RAM now holds the same data whic 
had when the power interruption occurred. 

■ ^VRAM has the advantage of not needing a battery back-up. However, an 

< or ip * t an a normal memory chip because it contains both RAM and 


NVRA m 

EBPR° M 


as well as the circuitry needed to transfer data betw 

||( S arc not available in very high capacities When" TVT' F ° r this reas °*E the 
memory is required, it is best to use CMOS RAM with battery "tckT™* n0n ' Volati,c 


cells 

^VRAMs 


14. 


7 SEQUENTIAL MEMORIES 


The semiconductor memories that we have discussed so far a 

The high speed operation of random access devices makes th aCcess memori es. 

internal memory of the computer. Sequential access semicnnCf SU “ able for use as the 
registers to store data that can be accessed in a sequential man ™ mones utili « shift 
useful as internal computer memory because of their relativcl T A ™ ough lhc y are not 
memories find application in areas where sequential renetitive 1 Specd ' shift register 

example is the storage and sequential transmission of the re ?' red ' A P"™* 1 * 

characters on a video display. This data have to be sunnlleH , u UI ' c ° ded da >a for the 
periodically in order to refresh the displayed image on the screen R V ' de ° d ' Splay C ' rcu ' ts 
the stored data can be recirculated to refresh the c rr( >- n ; ’ y uslng reg^ters, 

memories are also used in digital storage oscilloscopes and ^ reg ' S ' Cr 

Recirculating Shift Registers 


Smgister F from a t h S e hlft T'”’ n° Ugh «*" ** Sh ° W " in ,his *■**»jZJTJLZ 

and O „ „ n ™ n mPU ' ° S ’ WhiCh ShiftS int0 ^ sl >ifts into Q ; , 0 , into O 

controller. This Togicmovid7Comode7 C f iated ,7*/° the Serial input lhrou 8 h some ’ 

input REC The level !7pr a , 1 ° Perat '° n tha ‘ “* con,rolled b > the "Ration 

tetu. I lie level at REC determines the source of the data that will reach the serial input 



REC 

Data in ■ 
CLK 


L 


Recirculating 
shift register 



4 


-> Data out 


REc = 1; Recirculate mode, REC = 0: Data input mode 


(b) 

^*9- 14.17 Block diagram of a recirculating shift register. 
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Recirculate mode (RFC - 1) 


„ this mode, the upper AND gate is enabled and Q„ output (Data out) is applied to D s . As 
:lock pulses arc applied, the data in the shift regtster wdl rec.rculatc as shown below. 



wi-ile recirculating in the register, the data also appears at Data out , one bit at a time, 
in this mode, ‘Data in' is inhibited and has no effect on the regtster data. 

Data input mode (REC = 0) 

in this mode the lower AND gate is enabled and the ‘Data in‘ signal is applied to D, 
clock pulses are applied, the data will shift as shown below. 


As 


Data In G-a-—► G 


O 




Data out 


There is no recirculation of data, since the upper AND gate is inhibited by REC = 0. 
This mode is used to enter new data at ‘Data in’ for storage in the register. 

Fieure 14.17b is a simplified symbol that we will use lor the circulating shift register. 

The control logic is understood to be built into the symbol. 


First in First Out (FIFO) Memories 

The FIFO is also a sequential access memory formed by an arrangement of shift registers. 
There is an important difference between a conventional register and a FiS O memory 
register. In a conventional register, a data bit moves through the register only as new data 
bits are entered; but in a FIFO register, a data bit immediately goes through the re S' stcr 
the rightmost bit location that is empty. However, when a data bit is shifted out by a s i 
pulse, the data bits remaining in the register automatically move to the next position towar s 

the output. This is illustrated in Tables 14,1 and 14,2. 

Table 14.1 Conventional shift 


Input X X X X Output 

0 0 X X X -► 

1 1 0 X X -► 

1 1 1 0 X -► 

0 0 110 -► 


Ihc Hi O memory is similar to the recirculating shift register memory in that, the 
in which the data words are entered at ‘Data in* is the same as the order in wh,c j 

are read out at Data out’. In other words, the first word that is written in is the fitst 
tat is read out; hence the name FIFO. There arc two important differences, ht)vV ( 
between a FIFO and the recirculating shift register memory. First, in a FIFO, the o v * 
d ;.„ arc nut recirculated; once the output data are shifted out they arc lost. Sccon * 


ister Table 14.2 FIFO shift register 
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.^ration or 

* usually much different 


the rate a. whtch they are shifted m. 


applications 

One important application area of the FIFO is the case in which two systems of a re 
., ta rates must communicate. Data can be entered into a FIFO at one If ?! dlffere "' 

another rate. An example of this is the data transfer from a computer to"* ' PUI T 0l “ 
computer can send data to the printer at a much more rapid rate than th- n , Pr ' ntCT ' Thc 

K -«-; ,™> ■« “ ■ a®, i;. ,i z «*;rr 

printer by accepting data form thc computer at a faster rate and storm* if JZ a 1' 
lifted out to the printer at a slow rate. The FIFO can also be used as a data-ra, bu ftr 
for the iransnussion ol data rom a rclat.vcly slow device like a keyboard to a much fa L 
device like a computer. In this case, the FIFO accepts data from the keyboard a. a d *! 
rate and stores them. I he data are then shifted out to the computer at a faster rate In Z 
way, the computer can be performing other tasks while the FIFO is slowly bein» filled with 
data. Other applications arc: (a) data input at an unsteady rate can be stored and 
retransmitted at a constant rate by using a FIFO; (b) data output at a steady rate can be 
stored and then outputted in even bursts: (c) data received in bursts can be stored and 

retransmitted into a steady-rate output. Figure 14.18 shows the use of the FIFO as data- 

rale buffers. 


Input bit stream 



Output bit stream 



\a) Telemetry data received at an unsteady rate can be stored and retransmitted at a constant rate 



Hax * 

a m P L ^ at a slow keyboard rate can be stored and then transferred 



at a higher rate for processing 



(c) Data input at a steady rate can be stored and then output in even bursts. 





11 Data received in bursts can be stored and transformed into a steady-rate °utp 

F| 9- 14.18 The FIFO used in data-rate buffering applications. 
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14.8 PROGRAMMABLE LOGIC DEVICES 

L 0e ic designers have a wide range of standard ICs available to them with numerous logic 
functions and logic circuit arrangements on a chip. In addition, these ICs are available from 
manv manufacturers and at a reasonably low cost. For these reasons, designers have been 
interconnecting standard ICs to form an almost endless variety 01 different circuits and 

However, there are some problems with circuit and system designs that use only 
mdard ICs Some system designs might require hundreds or thousands of these ICs. Such 
Co numters Of ICS require no. only a large circuit board space but also a great deal of 
time and cost in inserting, soldering, and testing the ICs. The programmable logic devices 
iPL Ds) present the designers with a way to replace a number of standard ICs with a single 
IC thereby reducing chip count and cost. They are used to implement specific logic 
functions. The principal advantage of PLDs is that in many applications, they can replace 
a number of other circuits. A PLD is an IC that contains a large number of gates, FFs, and 
registers that are interconnected on the chip. Many of the connections, however, are fusible 
links that can be broken. The IC is said to be programmable because the specific function 
of the IC for a given application is determined by the selective breaking of some of the 
interconnections while leaving others intact. The ’fuse blowing' process can be done either 
by the manufacturer in accordance with the customer’s instructions, or by the customer 
himself. This process is called ‘programming’ because it produces the desired circuit 

pattern interconnecting the gates, FFs, registers, and so on. 

The various PLDs used are PALs (programmable array logic), FPL As (field pro¬ 
grammable logic arrays) and PROMs (programmable read only memories). 

Programmable Array Logic (PAL) 

Programmable array logic (PAL) :a registered trade mark of Mo:m>]uhic Memotics) i> •' 
particular family of PLA devices that is widely used and available from a number o 
manufacturers. The PAL circuits consist of a set of AND gates whose mp uls ( - jn !K 
programmed and whose outputs are connected to an OR gate, i.e. the inputs to the OR gate 
are hard wired. Some manufacturers also allow output inversion to be programmed. Thus, 
like AND-OR and AND-OR-1NVERT logic, they implement a sum of products logic 
function. Figure 14.19 shows a small example of the basic structure. The fuse s; 



represent fusible 'inks that can be burned open using equipment similar to a 


PROM 


programmer. Note that every input variable and its complement can be 'ell either conn 


ected 


or disconnected from every AND gate. We then say that the AND gates arc programmed. 
Figure 14.20 shows how the circuit is programmed to implement F = ABC + ABC. Note 
ibis important point. A input variables and their complements arc left connected to 

unused AND gate, whose output is, therefore, AABBCC = 0. The 0 has no c feet on the 
output of the OR gate. On the other hand, if alt inputs to the unused AND gate were burn 
open, the output of the AND gate would ‘float’ HIGH (logic 1), and the output of the 
gate in that case would remain permanently 1. The actual PAL circuits have several g rtH 
0 each gioup providing inputs to separate OR gates. 
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Programmable 

AND gates 



Fig. 14.19 Basic structure of a PAL circuit. 
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Figure 14 21a shows a conventional means for abbreviating PLA connection diagrams 
Note that the AND gate is drawn with a single input line, whereas in reality, it has three 
inputs. An X sign denotes a connection through an intact fusible link and a dot sign 
represents a permanent connection. The absence of any symbol represents an open or no 
connection by \irtuc of a bumed-open link. In the example shown, input A is connected 
t0 the gate through a fusible link, input C is permanently connected, and input B j s 

disconnected. Therefore, the output of the gate is AC. 

Figure 1421b shows an example ot how the PAL structure is icprcscntcd using the 

abbreviated connections. In this example, the circuit is unprogrammed because all the fusible 
links are intact. Note that, the 3-input OR gates are also drawn with a single input line. 


ABC 



ABC 



(a) 



Fig. 14.21 Simplified method for showing connections in PLA circuits. 


\ ‘T.*' 


1PLE 14,4 Using the connection abbreviations, redraw the circuit in Mg- 
" hoW hovv 11 can bc Programmed to implement F, = ABC + AC + ABC and F 2 * A 


pc 


Menu 


>nex 611 


Solution 


The redrawn circuit to implement the given functions is shown in Fie itn 

,.,,1 AND gate has all its links intact. Such a diagram is som «:2' , Notc ,ha t one 

example of an actual PAL 1C is the pal IkLSA Tm V "'°P- 

,nufactured using low power Schottky technology and has tm i nstrumcnts - It is 

:; t It function.- Each output OR gate is hard wued t0 " A '° g ' C *"« eight 

therefore, it oan generate functions that include up to seven terms An and ' 

irticalar PAL is that six of the e.ght outputs are fed back into AND a Jv !?" UrC °' lh ' s 

' as inputs to any AND gate. This makes the device verv 12, r™ ,hcy ca " 
inational logic. ^ ln generating 



pai 

he connected , 

■ill sorts of combinational logic. 



F, = ABC + ABC + AC 


F, = ABC+ BC 


F| 'g. 14.22 


PLA programmed to implement F 1 = ABC + ABC + AC and F 2 
= A B C + BC (Example 14.4). 


Array (FPLA) 


ro 9rammable Logic 

litectur rC f esents an °ther type of programmable logic but with a _ 

i-hnc b ,2° FPLA combines ,he characteristics of the PROM and the PALJty 

« tin ,7 s * versatile of the three PLDs. However, it has some d-***^*^ 
>M or PAL Filfl 86 , 8 ; is . morc di<r,c “" "JT^r’udthCTOT fusible link intact. 




b 

■r 

n 

T 

0 


■v 


1 


T1 


i 



Al Godrei I ilosoat v. wp hpJjeve 



























































































































































































ttl 2 Fundamentals oj Digital Circuits 



Fig. 14.23 Structure of an (unprogrammed) FPLA circuit. 


EXAMPLE 14.5 Show how the FPLA circuit in Fig. 14.23 would be programmed to 
implement the sum and carry-in outputs of a full adder. 

Solution 

Recall that the sum output of a full adder is S = A BC in + ABC in + AB C m + ABC I(1 

and the carry-out is C QUt = AB + AC in + BC in .a2BJLB 

To implement these expressions, we need a 4-input OR gate and a 3-inpm 'K l ' 
Since the inputs to the OR gates of the FPLA can be programmed, we can implement 

given expressions as shown in Fig. 14.24. 

An example of the actual FPLA is the Texas Instruments TIFPLA 840, which 
specified to be a 14 x 32 x 6 FPLA. It has 14 input variables, 32 AND gates to & en !^p 
products of these variables and 6 OR gates that can output any combination of the 32 
gates. This IC also includes a programmable output polarity feature that permits the 
the option of inverting any of the outputs. This is illustrated in Fig. 14.25 where an 
gate and a polarity fuse have been added to the OR gate output. The X-OR gate will P 
r e OR gate output to Q 3 with no inversion if the fuse is intact (logic 0). If the fuse is 

(ogic 1), the X-OR gate will invert the OR gate output. This programmable output P° 
is available on many PAL and FPLA devices. 
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^9-14.24 FPLA circuit programmed to implement the sum and carry terms of a full adder 

(Example 14.5). 



Polarity fus© intact 
Q 3 *P, + P2 + P 3 

Polarity fuse blown 

Qj = P 3 + j*21 Pl 
= P,P 2 Pj 


Fi 9- 14.25 PLD with a programmable polarity feature. 
























































































































































































































































































614 Fundamentals of Digital C ircuits 

EXAMPLE 14.6 Show how the FPLA circuit in Fig. 14.23 can be programmed to 
implement the 3-bit binary-to-gray conversion. 


Solution 

The conversion table 01 3- 
The conversion equations. 


binary (A. B. C)-to-gray (Gj, G 2 , G,) is shown in Fig. I4.2(,a. 


G, = A^ 

G, = AB + AB 

G, - BC + BC 


are i 


mplemented as shown in Fig. 14.26b. 



G : = ABC + ABC + AB C + ABC = AB + AB G, G 2 G ' 

G, = A BC ABC + ABC + ABC = BC + BC (b) implementation 

r;g. 14.26 Jse of FPLA as a 3-bit binary-to-gray code converter {Example 14- 
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r ,„i,nablc ROM can be viewed as a type of programmable lottic . , , 

A Kl purpose- The address inputs to the PROM serve as logic variable i d USCd 
th . ^ the node where the output of a logic function is realized Pn PUtl> and lhc 
far Stored at address ,00, is the same as 


for 
data 

that 


implcit 
will be a 


ic nted equals I when the input combination is ABCD. In both the 


being 

| | when the input is 1001. When we regard a PROM as a Pu'w^reaLeTa! 

" AND gates are not programmed. In effect, an AND gate is already in placc for “™ 
Lible combination of the inputs corresponding to every possible address of the PROM 
Therefor, to program a PROM as a PLA, we must have a truth table that specifies the 
value of the function being implemented for every possible combination of the inputs. For 
each combination where F — 1, we leave the output of the corresponding AND gate 
connected to the output OR gate. For each combination where F = 0, we bum open the 
connection to the OR gate. We sec that a PROM is a PLA with fixed AND gates and a 
programmable OR gale. An M x N PROM can be regarded as a PLA having N 
programmable OR gates, capable of implementing N different logic functions of M 
variables. A PROM is ideally suited for implementing a logic function directly from a truth 

tabic. 

An example of an actual PROM that is often used as a PLD is AM27S13, which is a 
512 x 4 PROM manufactured using high speed Schottky TTL technology. Since 512 = 
this PROM has nine address inputs and four data outputs. Thus, the AM27S13 can be 
programmed to generate four outputs each of which can be any logic function of the nine 

different inputs. 

EXAMPLE 14.7 Show how an 8 x 1 PROM can be programmed to implement the logic 

function whose truth tabic is shown in Fig. 14.27. 


Solution 

h § urc 14.27 shows the programmed PROM in the simplified connection format ol a PLA 
A lugic I or a 0 is stored at every address combination corresponding to a combination 

1 0 m f ul variables for which the function equals a 1 or a 0. 

PROM can generate any possible logic function of the input \arta cs „ 

Crates every possible AND product term. In general, any application t a req 
,| ’ ut combination to be available is a good candidate for a PROM. ^oweve . PROMs 
impracl real when a large number of input variables have to be accommodated, 

IUs " number of fuses doubles for each added input variable. 

° ther p LD Features 

Cu ve'; Ds inolude one or more of the following as part of their “^'J^'iehstic^ of these 
device f S,crs ’ and output registers. Very often, the °P crating 0 the c hip. This gives 
die | 0Ll : ^ Programmable, as are the connections to other evl< ' es , t j. er sequential logic 

c 'rc U i t s T, eSl8ner a great deal of flexibility in designing counters _ UL , ttC er. 

Ihls type of PLD is sometimes called a programmable logic h/ 
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Programmable 
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(b) 

Fig. 14.27 Programming a PROM to implement a 
Programming 


truth table (Example 14.7)- 


vcd 


that shiw 

When PLDs were first introduced, the logic designer would develop A fuse map (Q (he 
which fuses to blow. The manufacturer would then program the device accor ^ at j ve iy 
■use map, test it, and return it the designer. In recent years, the availability ^ 0 ^n 

inexpensive programming equipment has made it convenient for users to P r0 ® ra ” sl c omH 10 " 
PLDs. There are universal programmers in the market that can program the m ' t ln- 
PROMs, PALs, and FPLAs. The device to be programmed is plugged into a l 18 ' 6 

programmer and the programmer programs and tests the device according t° 
been supplied by the user. 
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The programming and lest data are typically developed by using the commonly available 
software that will run on standard PCs. Using this software, the user enters the data into 
[he computer describing tic ogic functions to be programmed into the PLD, as well as 
information on how the device is to he tested. The software then generates a fuse map and 
the test data in a form that can be sent over a cable to the PLD programmer’s memory. 
Once the programmer has the data, it can proceed to program and test the device. When 
finished, the programmer will indicate whether the device has passed or failed the test 
procedure. If it passes, it can be removed from the programmer’s socket and placed in the 
prototype circuit for further testing. 

Erasable PLDs 

The PLDs we have been talking about arc programmed by blowing fuses. Once a fuse is 
blown, it cannot be reconnected. Thus, it you make a mistake in programming or if you 
want to change the design, the device will no longer be useful. This drawback lias been 
addressed by several manufacturers who have developed PLDs that can be erased and 
programmed over and over. These arc called erasable programmable logic devices (EPIDs). 
These devices arc programmed and erased much iike EPROMs and EEPROMs. 


14.9 MAGNETIC MEMORIES 


So far wc have discussed semiconductor memory devices whose ceils store data in the 
form of electrical charge or voltage. Wc will discuss now some storage devices whose basic 
storage mechanism is magnetic rather than electronic. The characteristic common to all 
magnetic storage devices is their non-volatility. Magnetic core, magnetic tape and disk, hard 
drives, floppy disk, etc. are some of the magnetic memory devices. 


Magnetic Core Memory 

Magnetic core memory is a non-volatile random access read/write memory that was the 
predecessor to semiconductor memory. Almost all early computers used magnetic core as 
their primary internal memory before the wide availability of semiconductor memory. The 
basic magnetic core memory cell is a small dough-nut shaped core made of a ferromagnetic 
material These cores are called ferrite cores and typically have a diameter of 0.05 inch. A 
small wire is threaded through the centre of the core. When a current pulse is passed 
,hrou gh this wire, a magnetic flux is set up in the core in a direction that depends on the 
Section of the current Because of the core’s magnetic retentivity, it stays magnetized even 
a * er the current pulse is terminated. In other words, it is non-volatile. The two directions 
magnetization are used to represent 1 and 0, respectively. 

Mured data are read from a core by magnetizing it in the 0 direction (i.e. writing a ^ 
and ^ng a second threaded wire as a sense wire. The size of the voltage induced m the 

o y iSe wire will be greater if the core is initially in 1 state rather than m ® ne 7“?!!! 
b [ a Core is said to be destructive, since it always leaves it in 0 state. Thus, the data mus 

^written after a read operation. An . t -i* 

Magnetic core memory systems have access times from 100 ns to 500 ns “4 can stt 

old minicomputers and mainframes. But for all 
*•* Physical size and complex inlcrfacc circuitry have made them v.nually obsolete. 
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Magnetic Disk Memory 

. | n| itc that is coated with a magnetic material. Binary data 

A magnetic disk is a Hat, C1 ™ . rcginicnts of the surface, and data is read from 

is stored on the disk by mag ^ Magne tic disk memories arc used primarily f or 

the disk by sensing that mag mflSS storagc , because their access times arc slower 

peripheral or auxiliary memory They arc | css costly per bit of storage capacity 

than those of the semiconducto have become the dominant type of peripheral 

than the semiconductor memon ^ The disks themselves range in size from a 2-inch 
memory in computer systems o ocomputer sys tcms to a 14-inch diameter hard disk 

diameter ‘floppy' disk used w of plastic arc inexpensive and readily portable, 

used in larger systems. Floppy. . tcr storagc capacity than that of floppies and 

Hard disks made of aluminum $ystems w i ier e higher speeds and larger capacities 

are required. 

Read and write mecha ^ ^ same whether the disk is small or 

The y^se"dethcer’se a magnetic surface moving past a read/writc head 

to store and retrieve data. • sur f ac e read/write operation is shown in 

F ^ 4 rnibhTort) iswSon the magnet.c surface by magnetizing a smaii 


Write head 

/ 


Read head 




Input current 
pulse 


Moving magnetic 
./''surface 

D 



Input current 
pulse 


Magnetized spot 


Direction of movement 
(a) 


Read head 


Direction of movement 
(b) 



Fig. 14.28 Read/write function on a magnetic surface- 
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segment of the surface as it moves by the write head. The direction of the magnetic flux 

Fig. 14.28a. At the atr gap m the wnte head, the magnetic flux takes a ptth through the 
surface of the storage device This magnetizes a tiny spot on the surface in the direction 
of the f ,elt *. A magnetized si»<i of one polarity represents a binary I, and one of the opposite 
polarity represents a binary 0. Once a spot on the surface is magnetized, it remains there 
until written over with an opposite magnetic field. Thus, magnetic storage is non-volatile, 
'fo write a sequence of Is and Os, the disk is rotated and the winding is driven by a 
sequence of current pulses, each pulse having one direction or the other. Thus, Os and Is 
are stored in a sequence around a circular path on the disk. To read data on a disk, a read 
head similar in construction to the write head is used. When the magnetic surface passes 
a read head, the magncti/. i ; - - produce magnetic fields in the read head which induce 
voltage pulses in the winding. The polarity of these pulses depends on the direction of the 
magnetization spots and indicates whether the stored bit is a I or a 0. This is illustrated in 
Pig. 14.28b. Very often, the read and write heads are combined into a single unit as shown 
in Fig. 14.28c. 

Magnetic Recording Formats 

Our description of bit storage as a sequence of discrete dots having one magnetic polarity 
or the other implied that the regions between the dots were unmagnetized. That may or may 
not be the case, depending on the format used to record data. Several ways in which digital 
data can be represented for purposes of magnetic surface recording are retum-to-zero (RZ), 
non-return-to-zero (NRZ), bi-phase, Manchester, and the Kansas city standard. These 
waveform representations are separated into bit times-—the intervals during which the level 
or frequency of the waveform indicates a 1 or 0 bit. These bit times are definable by their 

relation to a basic system timing signal or clock. 

In return-to-zero (RZ) recording, there is. in fact zero magnetization between every bit. 
Figure 14.29a illustrates the RZ format. As per convention, we regard one magnetic polarity 
as positive (corresponding to logic 1) and the other as negative (logic 0). The important 
Point to note is that magnetization returns to zero between every bit, including adjacent Is 
and adjacent Os. . , . , , . . 

A generalization of RZ is called the retunt-to-reference (or bias), w erem t c 

which magnetization returns between bits can be any level between 1 an • igure - 

^ows an example in which magnetization returns to the polarity representing lope 0 
between every bit. Although there is no 'return- involved between adjacem Os this fomia. 
has 'ho advantage that the total change in magnetization between a 0 and a I is large, g 
" easier to detect such cases. In this forma, as well as .he others .hat^ejilMiscuss. 

luding and writing arc synchronized by a clock signal, usua y reco during which 

^ C oc k is necessary to ascertain the precise time interval, called the bit time during 

p^ 1VC k ils occur - /KIR7J waveform. In this case, a 1 or a 0 

. S u re 14.30 illustrates a non-retum-to-zero (N succession, the 

7 el remains during the entire bit time. If two or more Is occur 
Ucf onn do CS not return to the 0 level until a 0 occurs. 
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t-level 

magnetization 

zero 

magnetization 

O-level 

magnetization 



1 -level 

magnetization 

zero 

magnetization 

0-level 

magnetization 


1 


(a) The return-to-zero {RZ) format. 




(b) The return-to-bias format in which the bias level is the magnetization 
corresponding to logic 0. 

Fig. 14.29 Return-to-zero and return-to-bias formats for recording data 


1-level 

magnetization 


zero 



(a) Clock 


(b) Data bit 
stream 


magnetization 
o-level 

magnetization 

Fig. 14.30 An example of data (01001101) recorded in an NRZ format. 

Figure 14.31 is an illustration of a bi-phase waveform. In this type, a I is a HIGH Icv^ 
for the first half of a bit time and a LOW level for the second half, so a HlGH-to-L 
transition occurring in the middle o! a bit time is interpreted as a 1. A 0 is represents ^jj 
a LOW level during the first half of a bit time followed by a HIGH level during the scco 
half, so a LOW-to-HIGH transition in the middle of a bit time is interpreted as a 0. ^ 

Manchester is another type of phase encoding in which a HIGH-to-LOW transit^ ^ 

: resents a 0 and no transition represents a 1. figure 14.32 1 uS 

a Manchester waveform. . jiir 
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positive 

magnetization 


Negative . 

magnetization 1- 



> 

t 


(a) Clock 


(b) Data bit 
stream 


Fig. 14.31 An example of data (01001101) recorded in a bi-phase format 




4 


Positive 

magnetization 


Negative : 

magnetization 1 

0 "l 0 




t 


(a) Clock 


(b) Data bit 
stream 


Fig. 14,32 An example of data (01001101) recorded in Manchester format. 


The Kansas city method uses two different frequencies to represent Is and 0s. The 
standard 300 bits/sccond version uses four cycles of 1200 Hz signal to represent a 0 and 
tt'gltt Cycles of 2400 Hz signal to represent a 1. This is illustrated in Fig. 14.33. 


Bit 

time 


Lf 


i 




i 


U 


n 


n 


0 
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n 9- 14.33 An example of data (10101) recorded in Kansas city format 
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Floppy Disks 

11 i Hictwtes) arc thin flexible mylar disks and arc available in 2-inrh 
Floppy disks (often ca e ^ xhey are permanently enclosed in a square jacket a .s 

3'/rinch. 5 ' / -"’ ch ' an A 8 ‘ ma |, indcx hole in the floppy is used for referenemg the beginning 
shown in big. thc nop py j s installed in a drive, it spins during rcad/writ c 

point 01 the stored d ■ ^ wjndow in , he jacket exposes the surface of the floppy 

operations, inside ■> head. Unlike thc larger, hard-disk systems, thc rcad/writc 
for access by » ( wj|h (he floppy . A write-protect notch in the jacket can be 

cotreTwhh a piece of tape to protect stored data, i.e. to prevent writing new data to the 

fl ° PP n y a . a on a floppy disk are stored in concentric circles, called tracks as illustrated in Fig. 
ratal The disk is further divided into sectors. Each track and each sector is numbered, 
herefore the portion of a particular track within a particular sector defines one Woe* of 
t having a specific track and sector address. Thc address is stored at the beginning of 
U -k hioek- therefore the rcad/writc head as it moves across thc spinning disk, can 

-«■ - «> -*• w- rrsr r TT.t. 

The index hole marks the beginning of sector 0 and track 0. A soft-sectored disk is one 
for which all the remaining sectors must be defined and identified by the disk controller and 
computer system before the disk can be used. This procedure is called formatting the disk. 
The disk is said to be soft-sectored because formatting is performed under thc control of 
a program (software) and because the formatting can be changed at will. A hard-sectored 
disk has all sectors defined at the time of manufacture. It typically has index holes marking 
the beginning of each sector. Thc number of tracks and thc number of sectors on a floppy 
disk vary widely with the system where it is used, thc size of the disk, and the recording 
density for which it is designed. Disks are available in single density and double density and 
for single-sided and double-sided recording. Each sector on each track typically contains 
128 or 256 bytes of data in addition to the bits reserved for addresses and various other 
identification and error-checking functions. 

Floppy disk capacities typically range from 100 K to a few MB. Floppies have access 
times about 10 times larger and data rates about 10 times slower than those of hard is »• 
i he average access time of floppy drives is 100 to 500 ms, and the average data transfer rates 

range irom 250K/s to 1 Mbits/s. When inserted into the disk drive unit, a floppy disk i^l’sks 
at a fixed speed of 300 to 360 rpm, which is much slower than the speed of the har 
Although floppy disk systems are slower and have less capacity than hard disk 
itiL: do have the advantages of low cost and portability. They can be easily transport® 
one computer to another, and can be sent through the mail. nflil f’tlWMp 

EXAMPLE 14.8 A single-sided double-density 8-inch floppy disk has tracks numb 
and sectors 0 to 25. What is thc total storage capacity of the disk? 

Solution (77 tracks) x 2 6 SCCtors > 

V track 


0 to 


X 


256 




bytes 

sector 


= 512,512 bytes 


J 


I Xamim.k ,4.9 The total storage capacity of a floppy disk having 80 tracks a 
28 by,CS/SeCtor 15 >63,840 bytes. How many sectors docs thc disk have? 


nd it° ring 
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Solution 


163,840 = (80) x (number of sectors) x (I28i Tr, r 

(l28) - Therefore, thc number of sectors 


Window for access 
by read/write head 




Sector 3 


Sector 


Sector 
Index hole 

Sector 


Sector m 


Sector 5, track 0 


Track fn — 1) 
Track n 


Track 0 


1 


Track 2 


Sector (m -1) 


(b) Tracks and sectors on a floppy disk 


Fig. 14.34 The floppy disk. 
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Hard Disk systems 


. rec ordcd in concentric tracks and sectors on an 
In a hard disk system, the da,a a netic coating on both sides. Hard disks come i„ 
aluminum disk that is covered wiUt at speeds from 1000 to 3600 rpm. A single 

sizes from 3'/. inch to 20 inch and • ^ (racks and store 35 or mor c megabytes. Hard 

14-inch hard disk may have as many • and rotalcd by a common drive spindle. Note 
disks are stacked as illustrated in T B- ^ uscd thus reducing the access times. A hard 
that multiple read/write heads may • djsk (about 3500 rp,,, versus 360 rpm) which 

disk spins about 10 times fas!er acce ss time in a hard disk system is of the order of 
further reduces the access time, in disk systcnl Hard disk data transfer rates arc 

ao ms versus 200 ms or more in r data can be read from the disk once the head 
Im to 10M bits/s. This IS the rale 

in position. 





■ 


Disks 


< 






Heads 


1 


• wih 




Head 

[4 —positioning 


arm 





Drive 

spindle 


Fig. 14.35 A hard disk unit consisting of five stacked disks 


available* M* 

Multi-disk drives with capacities in the range of thousands of MBs arc ^ ^ d tiv . 
hard disks are fixed drives in which the disks arc permanently mounted 
mechanism and cannot be removed in normal usage. Some hard disk systems 

disk-) called disk cartridges or disk packs. 


. nve the diSK suriaCl;. me rcao/write head float* tU V. “ * vw ,mcr o inches 
; ;;; s ,hc r., S k .surface. I, is thus called fcjji " Ch ‘ hal " 

|hc disk surface and the rcad/writc head. Since th/clcarance. ,! P s wcann B d °*n of 

I-* 1 ? l“ n r inalio " ‘his reason, JZ ZSlZZZZZ 


'articles pose a serious threat of contaminMiom For thisZalorfmZ L T° k ° “ r dusl 

Itered air across the disks to keep them relatively clean The dUka Ire Z . dnves blow 
|SCS and cannot ordinarily be handled by a user. * cd ln P r0Icc tivc 


filtered air across ms msiss iu seep 111 cm relatively 
casc s and cannot ordinarily be handled by a user. 

Magnetic Tape Memory 

The primary role of the magnetic tape is mass siorage and back-un-ihs a .• • 

preservation of data stored in other media like hard disks Back * d “ P lc *! lon and 
systems because, critical records, computer programs and/or scicnhf,/ '"' portant m m “y 

, 0 .oss through power failures, mechanical malfunctions “oVIIZ error ZSZ 

slor age ts non.vo at.le and has immense eapaeiiy at relatively low cost per bit' A sin e Ze 
may he ol very long length and can store thousands of megabyte The lane ?■ „ P 

reels that must be unwound to read or write at a specific location. The principal dZbalk" 
at the tape memory ts the long access time required .0 find a specific block of drna T 
rawback ,s not a disadvantage when the tape is used as disk back-up. The data is not lad 
irom the tape very oficn, and when read, the tape will be read from the beginning T o 
technology of magnetic storage and read/write mechanism is quite similaf ,0 that of 
magnet disks. The adjacent regions on ihc surface of the tape are magnetized with one 
polarity or the other to represent Is and Os, and read/write heads are used to sense or alter 
iik magnetization. I he recording formats discussed in connection with the magnetic disk 

memory can also be used for magnetic tape storage, the NR Z format being the most 

common. 

I apes used in large systems, typically, have nine parallel tracks and a read write head 
^ C ? C1 lrack - Seven of the tracks arc used for storing data in ASCII code and the other 

, W ( ° 01 polam y antJ liming. Storage density on a single track can ranee from 200 to 1 is 00 

"its per inch. 

A i f 

u 10 casse «e tapes are sometimes used for auxiliary storage in small personal 
^omputer systems, although (loppy disks have already displaced the tape in that role. A 

and | ^ ,11oc ^ a tion iFM) format is used for recording on the casscite tape, whereby Os 

, are rc P rc sented by pulse trains having different frequencies. In the Kansas city 

0 f a -/M, a 0 is represented by four cycles of a 1200 Hz signal and a 1 by eight cycles 
a - 4 °0 Hz signal. 


^Qnstic Bubble Memory 


C:; c ' ubbie mem ° r y (mbm) i s a semiconductor memory that stores binary data in the 
construe* nia ^ nt ’*i c domains (bubbles) on a thin film oi magnetic material. It K 
small cyr a magnetic material (yitrium-iron garnet) that has the property whereby 

to a si ro lndricaII y slia Pcd domains called bubbles can be created by subjecting the material 
P° s, tion ^ eXtcrna,| y a Ppfic'd magnetic field. The presence of a magnetic bubble in j specific 
^ncti/r Pr . CSCnts a st °red 1, and its absence represents a stored 0. Continuously changing 
hctds a 'v* used to move the bubbles around in loops inside the magnetic material 
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, .u :a registers. The data circulates past a pick-up point where ii j s 

ZZ£ .TS3 tSS- °< i 

the «ten»l m... .lor. Be r U nc.«n .h ul has ^ 

C | d-tminated bv magnetic tape and disk storage. At present, the MBMs are about 
previously domi . ■ disks bu( somewhal more costly because of the required 

100 " mcs S C *V Hid when their cost comes down, we might sec more and more MBM 
support circuitry. f (he s i owcr , | css reliable floppy disk systems. 

SySte Z MBMs“ S a e re compact and dissipate very little power (typically 1 pW/bit). They are 
k !r oorine large amounts of data. They arc also non-volatile. When power goes off, 
me bubbt imply remain in their fixed positions. When power.. restored the bubbles stan 

Z™o7 e IloMs EPROMs and* EEPROMs, the MBMs can be written into and read from 
with equal ease. Because of these features, the MBMs are competitive with semiconductor 
memories in many applications. The main disadvantage is that ,t takes much longer to gc, 
Tta into and out of an MBM compared to semiconductor memories, because MBMs are 
Igriallv accessed rather than randomly accessed. The typical access times arc in the range 
f J l0 ^0 ms Therefore an MBM is not suitable for use as the main internal memory. 

Compared with non-volatile tape and disk memories, an MBM system has no moving parts 
and is. therefore, quieter and more reliable. 


Major/Minor loop architecture 

Loops in an MBM are in the form of continuous, elongated paths ol Chevron patterns. The 
major minor loop arrangement consists basically of one major loop and many minor loops 

as shown in Fig. 14.36. ^ _ . 

The minor loops are essentially the memory cell arrays that store the data bits. The 

major loop is primarily a path to get data from the minor loops to the output during lead 

and to get data from the input to the minor loops during write. 

Five control functions are used in the read/write cycles ot an MBM. These are 

generation, transfer, replication, annihilation, and detection. 


The read cycle. Data are read from an MBM in blocks called pages. Basically a page 
consists of a number of bits equal to the number of minor loops, for example, a typiea 
MBM may have 256 minor loops, each of which is capable of storing 600 bits. In thi s east., 
the page size would be 256 bits. j /; will 

Each bit in a given page occupies the same relative location in each minor loop. During 
read, all of the bits in a page of data arc shifted to the transfer gates and on to the maju 
bop ai the same time. Then, they are serially shifted around the major loop to the replica* 
anmhilator where each bubble is ‘stretched’ by the replicator until it ‘splits’ into ' 
bubbles. One of the replicated bubbles (or no bubble as the case may be) is transfer^ _ 
the detector where the presence or absence of the bubble is sensed and translated « 
appropriate logic level to represent a I or a 0. The other replicated bubble continues - 

nm maj ° r an( ^ ’ s lran *ferred back on to the appropriate minor loop lot sloraf? 
process continues until each bit in the page is read. The replication/dctcction * rt ' 

m a non-destructive read-out. ■ 
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Generator Major loop 

** y 


Detector 
Replicator/ 


Transfer 

control 



Detector track 


Minor 

loops 


Circulating bubbles 
{stored Is) 


Fig. 14.36 Circulation of magnetic bubbles. 


The write cycle. Before a new naee of data r,„ k. •. • 

curreraly stored at that address mus^ be annihilated Th "T” m '° 3 " address ' lhe dala 
■ which the bubbles are noi renlica.ed tlw . $ * d ° ne by a destruclivc 

generator one bit a. a time Each h^ t i , h nC * Page ° f dala is P rodu “ d hy the 
of data has been entered It u ,S T ° n 10 thc ma J or lo «P “Wit the entire page 

minor loops for storage. ^ X m ° Ved m ‘° P ° S ' t '°" and trans, ' erTcd on to the 


14.10 OPTICAL DISK MEMORY 

yjiQ Qpjj j 

Its operation ls ^u > ! rie ^!| 10r ^ mass memory technology that has a promising future. 

a disk that 1 ’ ° n reflection or scattering ot an extremely narrow laser beam off 
° ne ^ong Do" . m,Croscopic P its or bubbles representing logic Is ‘burned’ on its surface. 
'Wth 65o [yjg 01nt 111 *‘ ixOLir of the optical disk memoiy is its high capacity—414 inch disk 
■ts iinnumity rcat ^*^ available. Other advantages are its relatively low cost and 

,lar d disk - ° USt ‘ * ts access times and data transfer rates arc comparable to the newest 


flit 


systems. 


ry 'c optical Hi , 1 , 

IJ| sks that - bK s y stcms arc available in three basic types based on their wrtlability. 
,CD ’R0M) a ^|° n ^ lic reac * from arc called optical ROM (OROM) or compact disc ROM 
e »cyc| 0pa ., le y ar c used to store large fixed databases such as dictionaries or 
^0*M) ,^ n optical disk that can be written to once is called a write-once read-many 

u an Writte ani l WORMs cannot be erased. Thc read write optical disk 

dlsk - it uses n t nd rewrit,cn as often as desired, and therefore, operates like a magnetic hard 

4 • 1 fcicut disk surface from other types. Its surface is coated with a magnetic 
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mftonct ic properties changed by a laser beam. The optical disk 
material that can have its P rincipa | maS s storage device. ' Sk 

storage has the potcnt.al to emerge as F 

14.11 CHARCE-COUPLED DEVICES 

, i i tCCD) memory is a type of dynamic memory, in which packets 
The charge-coupled continuously transferred from one MOS device to another. The 

of charges (electrons) are ^ simp | c and is shown in Fig. 14.37. When a high 

structure oi a sing e ho | cs arc repelled from a region beneath the gate in the 

voltage IS applied to . potential well is then capable ol accepting a packet 

p-type substrate, ns eg charge is transferred from one device lo an 

of negative charges. Data in im. 

adjacent one by clocking their gates. • j M 



Insulation 
(silicon dioxide) 


Fig. 14.37 Structure of a single MOS device in a CCD memory. 


The CCD memory is inherently serial. Practical memories are constructed in the form of 
shift registers, each shift register being a line of CCDs. By controlling the timing of the 
clock signals applied to the shift registers, data can be accessed one bit at a tune from a 
single register or several bits at a time from multiple registers. The principal advantage ol 
the CCD memory is that, its single ceil structure makes it possible to construct large 
capacity memories at low cost. On the other hand, like other dynamic memories, it must 
be periodically refreshed and driven by rather complex, multi-phase clock signals. Since data 
are stored serially, the average access time is long compared with the semiconductor 
memory. s I < f: 


SUMMARY 


1) 


Niemor} is a means for storing binary words. Computer memories may be c ass 

as main or peripheral. ,, l : ‘ ^ 

The main memory is an integral part of the computer. Being semiconductor memo 

it is very fast. -j ’ 

Peripheral memory, also called the auxiliary memory, is typically add-on m 

navnig \cr\ large capacity. It is much slower than the main memory. R 

to as ttiQSs tneitiory, i fwi 
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Stored-program computers arc those in which nr 

' (juguagv instructions-binary codcs-i n nte^" 8 """* are slored “ a scl of machine 
The size of memory is normally specified bv the „„ m k , 

0 f bits per word (n), such as m x n. bcr 01 words («> and ihe number 

Data are stored in memory by a process called writing 
Da,a are retrieved from memory by a process called reading 
The capacity of a memory is , hc total number of bits i, 

A W0 rd is a complete unit of binary data which can be of ITT' u 

The word size is the number of bits in a word y numbcr of bits - 

Semiconductor memories can be either bipolar or MOS 
ROMs arc read only memories in which data art* 

stored. ROMs may be masked ROMs (MROMs). PROMs^FPnn'J emi ' pcrmi,ncn < | y 
PROMs are ‘one-time programmable ROMs’ * * Ms or EEPROMs. 

Storing the contents of a ROM is cafl P H 

s cal,e <J programming the ROM 
RAMs (random access memories) are read/write memories 

RAMS are used in compute for the temporary storage of programs and data 
Non-volatihty means that the memory does not lose it, a,., n ., 

Volatility means that data arc lost when the power goes off ” P ° Wer ^ 

A number that identifies the location of a word in a memory is called .he address 

manufacturer. „ cannot be p^raS by 1 u^.’ h ’ Ch " Pr ° 8rammCd ^ 

’ a? r no.Tu P biee r . TT” R ° MS " feferred ,0 as firmware, because they 

because they can be eTsi'y *7 ^ “ RWMS “ ^ 

the ru'tP^ ^ CCess * s the time required for valid data to appear on outputs after 

6 aUlvat «on of the appropriate inputs. 

Ram Ms 3re uscr P ro 8 ra mmabIe ROMs. EPROMs are erasable PROMs. 

dvntav, 5 * be e,ther static or dynamic. A static RAM has latch storage cells. A 
dynamic RAM has capacitive storage cells. 

Ihe go ram. 

nvis are used as cache memory and scratch-pad memory. 

tienio memor ^ ' s ava Bable in both BJT and MOS technologies, whereas dynamic 
- Is LOns tr'ucted using only the MOS technology. 

Per' S ” aVC capacity, need low power and operate at moderate speeds. 

qj. rec harging of the memory cells of a DRAM is called refreshing the DRAM. 

the iRAK° ntro,Iers are used to refresh large DRAM chips, whereas for small memories 
A N y PF0Vides the elution. 

j^ e contains a static RAM array and an EEPROM array on the same chip. 

stores o IT>3 ^ be hh-organized or word-organized. In bit-organized memory, each IC 
stored cac h word; in w'ord-organized memoiy all the bits of a word are 

1 a ^ngle IC, 
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. PLAS are programmable logic arrays^ * NI>0R g,tC Can "• «•* 

programmed to produce specified logic lunctions. 1 

PI ns are of three types: PALs, FPLAs and PROMs. PALs have programmable AND 
n! fixed OR gates. FPLAs have both programmable AND gates and 

'roeramni'ible OR gates. PROMs have fixed AND gates and programmable OR gatcs 

Memory mav be sequential access type or random access type. In a sequential access 
memory the access time is not constant, but varies depending on the address of the 
Son.’ In a random access memory, the aeeess time is the same for every memory 

HFoTare first-in first-out memories in which the first bit written in is the first 

. Semiconductor memories are faster than magnetic memories, but costlier in terms of 
per bit of storage. 

. Floppy disks are made of plastic. They are inexpensive and readily portable. 

. In a magnetic bubble memory (MBM), data are stored as tiny magnetic domains called 
bubbles. Bubble memories are serially accessed. 

• Though an MBM is costlier than a floppy disk, it is faster. 

. The optical disk memory is the newest mass memory technology. The optical disk 
systems are available in three basic types based on their writability— OROM or CD- 
ROM, WORM and Read/Write. 

• CCD memories use channels of semiconductor capacitors to store charges 
representing data bits. The CCD memory is a sequential access memory. It is a 

dynamic memory. « 


QUESTIONS 


1. Explain the meaning of the ollowing types of memories: 


(a) Memory 
(d) PROM 
(g) Mask ROM 
(j) Static memory 
(m) Peripheral memory. 


(b) RAM 
(e) EPROM 
(h) Volatile memory 
(k) Dynamic memory 


(c) ROM 
(f) EEPROM 

(i) Non-volatile memory 
(I) Main memory 


2. How are ROMs and RAMs classified? 

3. Define the term mask-programmable. 

4. V. hat are the pr icipal differences between the BJT memory and 
memory, in terms of their speed and size? 

5. Which memory technology needs the least power? 

6. Define the following terms: 

<a) Memory cell (b) Address 

(d) Access time {c) Mcmory word 


the 


MOSFET 


(c) Byte 
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A certain memory has a capacity of 32K x 16 H 

• word? How many words are being stored? And'howrnTny^m ar< \ ,hcre in ** 

memory cells does 


memory contain? 

a a certain memory stores 8K ]6-bit words How 

lines, and address lines does it have? What . man > da ta input li 


this 


lines , and address lines does it have? What is -T ' incs - dala oui pu , 

9. How many address inputs, data inputs, and data outputs arc" . - 

n mpmnrv? P s are required for a 32K v 


an d reprogrammed? 


12 memory 

10 . How does a PROM differ from an MROM? Can ;♦ u 

How is an EPROM erased? U be erj »sed 

n. Describe the procedure for reading from a ROM. 

12 . Describe the advantages of an EEPROM over an EPROM 

13 . Define the following terms: (a) firmware, (b) software .J 

14. Describe how a computer uses the bootstrap program 
, 5 . How does a static RAM cell differ from a dynamic RAM celP 

,6. Lis. the drawbacks and advantages of dynamic RAM vis-a-vis the static Ram 
.7. Name the RAM timing parameters which determine its operating speed 

18. What arc the ways of achieving non-volatile RAM storage? 

19. How many memory cells does a 512 x 8 NVRAM contain? 

20. What is the benefit of address multiplexing? 

Z * rfwoTTaoachv 4 ** “ f0nn 3 32 x 8 me ™ 0 ? Is this an example 

P JLlt > expansion or word length expansion? 

of t h e r ft n k° W man y J 6 K x 4 memory circuits would be required to construct each 
ne following memories. 

‘ a) 23AK x 8 (b) 128K x 16 (c) 1M x 4 . 

A j Jy| y Q t 

has an • emory Is constructed by using 64K x 8 circuits, each of which 

S an act| ve-LOW chip select input. 

[b) muny 64K x 8 circuits are required? 

1°) Wh^ tV ^ C ^ eco ^ er * s necessary to select individual 64K x 8 circuits? 

31 are tbe ad dress inputs to the decoder? 

Draw a |r »*, j- 

a 4 K x » glC ° a ^ ram showing how to interconnect 2 K x 8 memory circuits to obtain 

data-in/,/ merr, °ry. ; Each circuit has an active-LOW chip select input and common 
26 . n Uata '°ut pins. 

c ° n struct ® lc dia gram showing how to interconnect 128 x 4 static RAMs to 
c °mnift„ j x 8 memory. Each circuit has an active-LOW chip select input and 

21 E 'Plai„ , a . ta ' in/data -°“* P-s. 

nie atory C ^'^ Cren ce between sequential access memory 3 nd random access 
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f .. a FIFO differ from a recirculating shift register memory / 

18. How does a rirc 

29 . What is a data rate buffer. 

. pi a differ from a ROM.' 

30. How does dw , s an y represen t on a PLD diagram? What docs a 'dot 

31 . What is a PLD^ W m? 

rePre T he architecture of a PAL differ from that of a PROM? 

32 . How does he * ^ a ppLA diffcr from those of PROM and PAL- 

33. How does t 1 * 21 wou | d be programmed to implement the function! 

34. Show how the PLA tn g- _ _ 

p = A §c + ABC and F 2 = ABC + AB + AC. 

u 6KS. FPLA circuit in Fig. 14.23 would be programmed to implement 

35. Show how the rrLA cn ^ _ 

- . a nr l? — A B 


F = ABC + ABC, - i 
,6. Show how the FPLA circuit in Fig. 14.23 would be programmed to implement 

__ — — _ a r? — c 


F, = ABCBC + ABC + ABC and F 3 = 


F, = ABC + BC + ABC and F 2 - F, 


37 Using the simplified connection forma, of a PLA. show how an 8 X I PROM should 
be programmed to implement the logic lunct.on 

F = Id. 4, 5, 7) 

38 Show how an 8 x 1 PROM should be programmed to serve as a look-up table h» 
*e L parity-bit of a 3-bit number? Use the simplified connection format ol a PLA. 

39. What property distinguishes a stored I from a stored 0 on a magnetic disk. 

40. What are the main advantages and disadvantages ot floppy disk storage compared to 

hard disk storage? , 

41. What is the major application of tape memory? 

42. What is a Fixed hard disk drive? 

43. How are Is and Os represented in an MBM? What is the disadvantage of 

a-vis semiconductor memories? What is a magnetic bubble? How is i ^ 

44. What are the chief advantages of optical disk memory? List the three types 

disk storage. § . || ? . 

45. How are data stored in a CCD memory? What arc the principal advant g 

disadvantages of the CCD memory? 


i ' -v 




Numb* 1, 

7400 

7401 

7402 

7403 

7404 

7405 

7406 

7407 

7408 

7409 

7410 

7411 

7412 

7413 

7414 
74H15 

7416 

7417 

7420 

7421 

7422 

7423 

7425 

7426 

7427 

7428 
7430 

?4 l$31 
7432 

% 

7437 

74 40 • * 
H 42 


Appendix 

COMMONLY USED TTL ICs 


Description 

Quad 2-input NAND gates 

Quad 2-input NAND gates (open collector) 

Quad 2-input NOR gates 

Quad 2-input NOR gates (open collector) 

Hex inverters 

Hex inverters (open collector) 

Hex inverter buffers/dri vers 

Hex buffer-drivers (open collector high voltage outputs) 
Quad 2-input AND gates 

Quad 2-input AND gates (open collector) 

Triple 3-input NAND gates 

Triple 3-input AND gates 

Triple 3-input NAND gates (open collector) 

5 I 4-input NAND Schmitt trigger 
Hex Schmitt-trigger inverters 
Triple 3-input AND gate (open collector) 

Hex inverter buffer drivers 

: 'ex buffer drivers 

Dual 4-input NAND gates 

Dual 4-input AND gates 

Dual 4-input NAND gates (open collector) 

Dual 4-input NOR gates with strobe 
Dual 4-input NOR gates 

Quad 2-input TTL-MOS interface NAND gates 
Triple 3-input NOR gates 

Quad 2-mput NOR buffers 

8-input NAND gate 

Delay elements 

Quad 2-in put OR gates 

Quad 2-input NOR buffers (open collector) 

Quad 2-input NAND buffers 

Quad 2-input NAND buffers (open collector) 

Dual 4-input NAND buffers 
CD-to-Decimal decoder 
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Number 

7445, 43A 
7444, 44A 

7445 

7446 

7447 

7448 

7450 

7451 

7452 

7453 

7454 

7455 

7459 

7460 

7461 

7462 

7464 

7465 

7470 

7471 

7472.74H72 

7473 

7474 

7475 

7476 
74LS76A 
7480 

7482 

7483 

7485 

7486 

7489 

7490 

7491 

7492 

7493 

7494 

7495 

7496 
74100 
74H103 

74104 

74105 
74H106 
74107 


Description 

Excess- 3 -to- Decimal decoder 
Gray-to- Decimal decoder 
RCD-to-Decimal decoder/driver 

BCD-to-Seven segment decoder/drivers (30 V output) 

BCD-to-Seven segment decoder/drivers (15 V output) 

BCD-to-Seven segment decoder/driver 
Expandable dual 2-input 2-wide AOI gates 
Dual 2-input 2-wide AOI gates 
Expandable 2-input 4-wide AND/OR gates 
Expandable 2-input 4-wide AOI gates 
2-input 4-wide AOI gates 
Expandable 4-inpul 2-wide AOI gales 
Dual 2/3-inpuis 2-wide AOI gates 
Dual 4-input expanders 
Triple 3-input expanders 
2-2-3-3 input 4-wide A/O expanders 
2-2-3-4 input 4-wide AOI gates 

4-wide AOI gates (open collector) , t , riCiD 

AND gated positive edge-triggered J-K FF with PRESET and CLEAR 
JK master-slave FF with preset 

AND gated J-K master-slave FF with PRESET and CLEAR 
Dual J-K master-slave FF with active-LOW CLEAR 
Dual positive edge-triggered D FF 

Quad D-latch ? 

Dual positive edge-triggered J-K flip-flops 
Dual negative edge-triggered J-K flip-flops 


2 -bit binary full-adder 

4 -bit binary full-adder with fast carry 

4-bit magnitude comparator 

Quad X-OR gate 

64-bit random access read/write memory 


Decade counter 
8 -bit shift register 
Divide-by-12 counter 
4-bit binary counter 
4-bil shift register 

4- bit bidirectional shift register 

5- bit parallel-in parallel-out shift register 
4-bit bistable latch 

Dual J-K negative edge-triggered FF with CLEAR 
J-K master-slave flip-flop 
J-K master-slave flip-flop 

Dual J-K negative edge-triggered FF with PRES 1 and C LEAR 
Dual J-K master-slave FF with CLEAR 
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Number 

74LS107A 

74109 

74110 

74111 
74116 
74121 
74122, 23 
74125, 26 
74! 32 
74136 
74LS138 

74141 

74142 
74145 

74147 

74148 

74150 

74151 

74152 

74153 

74154 
74155,156 
74157 
74160 

74161, 62, 63 

74164 

74165,66 

74S168 

74S169 

74173 

74174 

74175 

74176 

74177 

74179 

74180 

74181 

74182 

74184 

74185 

74189 

74190 
74 1 9 1,93 

74192 

74194 


Description 

Dual J-K negative edge-triggered FF 

Dual J-K positive edge-triggered FF 

AND gated J-K master-slave FF with data lock-out 

Dua J-K master-slave FF with data lock-out 

Dual 4-hit latches with CLEAR 

Non-retriggerable one-shot 

Retriggerable one-shot with CLEAR 

3-state quad bus-buffer 

Quad 2-input NAND Schmitt trigger 
Quad 2-input X-OR gate 

3- line to 8 -linc decodcr/demultiplexer 
BCD-to-Decimal decoder/driver 
E^-D counter/latch/decoder/ driver 
BCD-to-Decimal decoder/driver 
Decimal-to-BCD priority encoder 
Octal-to-Binary priority encoder 
16-line to 1 -Iine multiplexer 
8 -channel digital multiplexer 
8 -channel data selector/MUX 

Dual 4-line to 1-line multiplexer 

4- line to 16-line decoder/D MUX 
Dual 2-Iine to 4-line demultiplexer 
Quad 2-line to 1-line data selector 
Decade counter with asynchronous CLEAR 
Synchronous 4-bit counter 

8 -bit parallel-out serial shift register 
Parallel load 8 -bit serial shift register 
Synchronous up/down decade counter 
Synchronous up/down binary counter 
4-bit D type 3-state register 
Hex D flip-flops with CLEAR 
Quad D flip-flops with CLEAR 
35 MHz presettable decade counter 
35 MHz presettable binary counter 
4-bit parallel access shift register 
8 -bit odd/even parity generator/checker 
Arithmetic logic unit 
Look-ahead carry generator 
BCD-to-Binary converter 
Binary-to-BCD converter 

3- state 64-bit RAM 
Synchronous up/down decade counter 
Synchronous binary up/down counter 
Synchronous BCD up/down counter 

4- bii bidirectional universal shift register 
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Number 

74195 

74196 

74197 

74198 
74221 

74246, 47, 48 

74251 

74LS253 

74257 

74259 

74LS266 

74279 

74LS280 

74283 

74284, 285 

74290 

74293 

74295 

74LS320 

74365, 66, 67 

74390 

74393 


Description 

4-bit parallel access shift register 
Presettable decade counter 
Presettable binary counter 
8-bit shift register 

Dual one-shot with Schmitt trigger inputs 
BCD-to-Seven segment decoder/driver 

3- state 8-channel multiplexer 

Dual 4-to-l data MUX with 3-state output 

Quad 2-1 multiplexer 

8- bit addressable latch 
Quad 2-input X-NOR gates 
Quad latches 

9- bit odd/even parity generator/checker 

4- bit binary full-adder with fast cany 

3- state 4-bit by 4-bit parallel binary multipliers 

Decade counter 

4- bit binary counter 

4-bit bidirectional shift register with 3-state outputs 

Crystal controlled oscillator 

3-state hex buffers 

Individual clocks with flip-flops 

Dual 4-bit binary counter 



glossary 


ACive-HIGH (LOW) input Input which i s „ ormally L0W (HIGm 

when circuit operation is required. J tnlOHJ and goes to HIGH (LOW) 

Active logic level Logic voltage level at whit h „ • 

. „ . . WhlLh a c, rcuit is considered active 

“T IT ^ C0 " Vem a " ana '° 8 Sig " al in '° “ S d, S ltal form 

Address .he number tha, umquely identifies the location of a word in 
Alphanumenc codes The codes that represent numbers alnhahc , 

Analog Being continuous or having a continuou r * C aracterSi “d symbols, 

of values. 8 COm ' nUOUS ran * e of as opposed to a dtscrete set 

Analog system Interconnection of devices ^ 

represented in analog form. manipulate physical quantities that are 

AND gate A digital logic circuit used to implement the Awn ~ 

circuit is a I only when each one of its inputs is a I. ° ^ Thc 0U, P UI of lW s 

ANSI American National Standards Institute. 

Anti-coincidence gate An X-OR gate which outputs a HIGH only when its two inputs differ 

' TZu^T : f n he input W " h ,he h,ghesl P riori ‘y °“> ° f a nu mber of inputs which 
are simultaneously high in an encoder. 

"^*opei^t'ion^” 1 ^ <ALU ^ A digital circuit used in com P uters to perform arithmetic and 
ASCII A 

cnH ' , * . Amencan Stan dard Code for Information Interchange. A seven-bit alphanumeric 
se by most computer manufacturers. 

Asserted level a , * . , 

t k crm synonymous with active level, the level of the signal required to initiate 

in <- process. 

^stable niult' *■ 

Vl ra * or A digital circuit with no stable state; it oscillates between two quasi- 

s,abl e states. 

Synchronous; u. ^ 

h Hav »ng no fixed time relationship. 

,0 thuT >US Counter ^ type of counter in which the external clock signal is applied only 
'V y nch I * ^ Und out P ut each FF serves as the clock input to the next FF in the chain. 

of the pp S _* n Pitts Also called the overriding inputs of FFs. They can affect the operation 
independent of the lock and synchronous inputs. 
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Asynchronous transfer Transfer of data performed without the aid of clock. 

Backplane Electrical connect,on common to a„ segments of the CD. 

Bnse H.e number of symbols in a number system. Also, one of the three regtons a BIT. 

BCD Binary coded decimal, a digital code. 

. ., , r rrin iaininE two 4-bit parallel adders and a correction detector circuit. 

BCD adder An adder containing 

BCD counter A mod-10 counter that counts from 0000 2 to 1001, 

Bidirectional shift register Shift-left, shift-right, shift register, in winch data can be shifted in 

either direction. . 

Bilateral switch A CMOS circuit which acts like a s.ngle-pole, stnglc-.hrow, swtteh controlled 

by an input logic level. » | ic jfa jjM 

Binary Having two values or states. 

Binary counter A counter in which the slates of FFs represent the bmary number equivalent 
m.henumbcr of pulses that have occurred a. .he tnput of the counter. 

Binan multiplier A digital circuit capable of performing the arithmetic operation of multipli- 

cation on two binary numbers. 

Binary number system A number system with only two values. 0 and I. 

Binary point A mark which separates the integer and fractional parts of a bmary number. 
Bipolar DAC A DAC whose output can assume a positive or negative value depending on the 

signed binary input . 

Bipolar ICs The ICs which use BJTs as the main circuit elements. 

Bistable multivibrator A multivibrator which can remain indefinitely in any one of its two 

slates. It is commonly known as flip-flop. 

Bit Binary Digir, a 1 or a 0. . . 

Block parity A method of providing parity rowwise and columnwise lor a block of information 
words. 

Boolean algebra It is the study of mathematical logic. ^ 

Bubbled AND gate The AND gate with inverted inputs. It performs the NOR operation. 
Bubbled OR gate The OR gate with inverted inputs. Il performs the NAND operation. 

Buffer driver A circuit with greater output current and/or voltage capability than an ordinary 

logic circuit. g,|J j 

Buffer register The register that holds digital data temporarily. fjiluii 

Byte A group of 8 bits. 

Capacity I he amount of storage space in a memory expressed as number ol bits or num cT 

words. | j i ifl i 

Carry A digit that is carried to the next column when two digits are added. 

CCD Charge-coupled device, a type of semiconductor technology. 

Cell A single storage element in a memory. 


















Cell 

of cell inputs and input carries 


U, 


outputs and output carries for each combination 


Check sum A special data word that is derived from ih* *aau c „ 

used for error checking purposes. 0n 0 a ot * ier ^ ata words. It is 

Circulating shift register A shift register in which the output of the last FF ic __* ,, . 

input to the first FF. p 1 01 ine last " 15 connected as the 

CLEAR An asynchronous FF input that makes Q = 0 instantaneously. 

Clock The basic timing signal in a digital system. 

clock skew Arrival of a clock signal a, different times a, the clock inputs of different FF, a, 
a result of propagation delays. 


dock transition times Minimum rise and fall times for the clock signal transitions. 

CM °L V ? :,a ' ? Xlde SemiCOnduC,0r - The IC technology which uses both 

NMOS and PMOS FETs as the principal circuit elements 

Code A combination of binary digits that represents information such as numbers, alphabets, 

and other symbols. 

Code converter An electronic digital circuit that converts one type of coded information into 

another coded form. 

* 

Coincidence gate The X-NOR gate which outputs a HIGH only when its two inputs are the 

same. 

Combinational logic circuit A combination of logic devices having no storage capability and 
used to generate a specified function. 

Complement An invert function in Boolean algebra 

Computer word The group of bits used as the primary unit of information in a computer. 

Control inputs Input signals synchronized with the active clock transition that determine the 
output state of a FT. 


Cyclic code A code in which the successive code words differ in only one bit. 

D/A converter The circuit which converts a digital input into an analog output. 

Data Information in numeric, alphanumeric, or other form. 

Data lock-out FFs A master-slave FF that has a dynamic clock input. 

DC CLEAR Asynchronous FF input used to clear the FF. 

D( SET Asynchronous FF input used to set the FF. 

De v, °rgan’s theorems (1) The complement of an OR operation on variables is equal to an 
AND operation on the complemented variables. (2) The complement of an AND operation 
or i variables is equal to the OR operation on complemented variables. 

Decade Co «nter A digital counter having 10 different states, 

o . 

Un, *il number system The number system with 10 different symbols. 

/\ digital circuit that converts coded information into familiar form. 
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Demultiplexer (DMUX) Hie logic circuit that channels its data input to one of several data 
Dependency notation A notational system for logic symbols that specifies the input and output 

relationships. jflB 

■ >ej>niin(t a given quantity in a number system. 

Dieit A symbol representing a gi v «» m 

Dteital ICs Self-contained digital circuits, made by using one ol several IC technologies. 
Distal system A combination of devices designed to manipulate physical quantities that are 
represented in digital form. 

DIP Dual-in-line-package; the most common type of IC package, 

Dominating column In a prime implicants chart, a column which has a X'm even, row i 

which another column has a X . 

Dominating row In a prime implicants chart, a row which has a X’ in even column in which 

another row has a X * 

Don’t care A condition in a logic circuit in which the output is independent of the state of 
a given input, 

DRAM Dynamic RAM: a type of semiconductor memory that stores data as capacitor charges 
that need to be refreshed periodically. "O 

Dynamic shift register A register in which data continually circulates through the register 

under the control of a clock. 

E A PROM Electrically alterable programmable read only memory. 

EBCDIC code Extended Binary Coded Decimal Interchange Code: an alphanumeric code. 
ECL Emitter Coupled Logic, Also referred to as current mode logic (CML). 

Edge detector A circuit that produces a narrow positive spike, coincident with the active 
transition of a clock pulse. . aA ' 3 rd ^£M|b| 

Edge-triggered FF A type of FF which is activated by the clock signal transition. 

EEPROM Electrically erasable programmable read only memory. 

Encoder A digital circuit that converts information into coded form. 

EPROM Erasable programmable read only memory. 

Excess-3 code A digital code in which each of the decimal digits is represented by a 4-bit code 

derived by adding 3 to each of the digits. . -1. *) ^ 

i 

Excess-3 gray code A digital code in which each decimal digit is encoded with a gray c0 
pattern of the decimal digit that is greater by 3. 

Excitation table A table showing the required input conditions tor each possible 

transition ot a device/machine. . „. v , ^ 

Kxt lush t -NOR gate A logic circuit which produces a I output only when its inputs co ^ 

Exc!usm-()R gate A logic circuit which produces a I output only when its inputs are Jlf,c ^ n 

Fan-out The maximum number of equivalent gate inputs that the output of a gait* can 
without impairing us own function. 


dfi vC 




— network. 


sjtuijiit Humidjian 

--w PI 

Flat package A type of IC package. 

Flip-flop A memory device capable of sloring , 

Floppy disk Flexible magnetic disk used f n $ 

used r ° r mass storage 

Frequency counter A circuit that can measure h ^ 

Full-adder A digital circuit that adds two hi a- - ISP,ay ^ frequenc y of a signal. 

digit and an output carry. " dTy d 'S ,ls and an input carry, and produces a sum 

Full-subtractor An digital circuit that s „k, 

borrow. SUh,raCtS « -.her hi, considering prev.ous 

Function generator A circuit tha, produces a variety of waveforms 
Gale A ctreut. that performs a specified logic operation 
Gated latch A latch tha, responds to the i„p„, only when jt5 g NA g L g . 

A of short duration whteh is osuaUy 

Gray code A unit distance code in which rh» m<L 

^ the successive code wnrrk * i 

Half-adder A digital circuit which can add only two bits, and produces a sum J 1 °" e b “' 

Half-subtractor A circuit which can subtract one bit from another ‘ b '‘ 

Hard d.sk A ngid metal magnetic disk used for mass storage. 

Hexadecimal number system A mimU e.... . . 

Hold time Th t ■ y em consisting of 16 symbols, 0-9 and A-F. 

Hold time I he time interval for whirh i * 

terminal of the FF after the clock termi ^ S ' g , na has t0 ** main 'ained at the input 
„... . . the dock termination m order to obtam reliable operanon 

Hybrid circuits Circuits contatning both integrated and discrete components 

Hybrid counter A synchronous counter whose output drives the clock input of another counter 

a " ' hC — « 0" a Single 

. 1 C,rcuits Lo S lc C,r ‘-'uits that control the passage of an input signal through to the output. 

M° inin ? ° f d,ssimilar devices in su ch a way that they are able to function in a 
P ,lt1|e and coordinated manner; connection of the output of a system to the input of 

1 erenl system with different electrical characteristics. 

Invert It r-^. 

causes a logic level to go to the opposite stale. 

Inverter a i ■ * * 

it’gic circuit that implements the NOT operation. 
e A digital structure composed of a cascade of identical circuits or 

J-K Fp v 

. IV F C ‘>1 FF that can operate in the ‘no change", ‘set’, ‘reset" and ‘toggle" modes. 

J °nnson eoimr 

is • ,,le r A type of shift register counter in which the inverted output ot the last Ff 

c °nnected as data input to the first FF. 

^' ir nauf>h 

Bo () i ap An arrangement of cells representing the combinations of variables in a 
an cx P [ cssion and used for a systematic simplification of the expression. 
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Latch A non-clocked FF. in step size from the ideal step size in a DAC. 

Linearity error '1 he maximum • lock pu i se s take the counter only from one 

. # thp state of a counter when successive 

Lock-out Thesta invalid state. 

invalid slate to an ^ according to a set of logic rules. 

Logic circuit A circuit u ^ and LQW correspond t o the two usable 

Logic level State of a voltag ^ 

voltage levels ot a digi Edition whereby carries from the preceding stages are 

Look-ahead earn' A method o ^ propaga tion delays, 

anticipated, thus avoiding containing Is (Os) for the purpose of 

Looping Combining oft«lj*^< ) ^ ressfon . , 

simplification ot a SO ( ^ nghtmos , bit in the binary number. 

LSB Tbe least significant , ^ ^ carrjes the i easl weight in a particular number. 

LSD The least significant digit, ‘-e- L |n which 10 0 to 9999 gates are integrated 

LSI Large scale integration. A level o 1 

on a single chip. magne ,ic material created by an external magnetic 

Magnetic bubble A tiny magnetic regie 

fK ’ d ' iMBM) Solid state, non-volalile, sequential access, mass storage 

Magnetic bubble memory (. n( , tic domains (bubbles). 

memory device consisting c . sma ll ferrile cores. 

„„„„ Non-volatile random access memory mane up 
Magnetic cur. memory N slores data ^ magnetized spots on a rotating 

Magnetic disk memory Mass storage mem , 

flat disk surface. magnetized spots on an 

Magnetic tape memory Mass storage memory dial stores 

iron-coated plastic tape. - t of two binary 

Magnitude comparator A digital circuit used to ‘ “ f , which one has larger 

numbers and indicate whether they are equal or not. and 

magnitude. , internal memory. 

Mass storage Storage of large amounts of data, not pari ot the compu ^ ^ a , the 

Master slave FF A type of FF in which the input data aff ““ ® appe# at the output 
leading edge of the clock pulse and then the contents ol the firs PP 

of the second FF at the trailing edge of clock pulse. ^ 

Maxterm The product term in the standard PCS form, 

Memory array An arrangement of memory cells. » 

Memory cell An individual storage element in a memory. I 

* rlit il of SQfTl£ tyr 

Memory word Groups of bits in memory that represent instructions < . in thme MC 

Microprocessor A large-scale integrated circuit that can be programmed to pc r 

and logic functions and to manipulate data. ,• 

Minterm The sum term in the standard SOP form. , c i a ies- 

ii of its naiura 1 si 

Modified modulus counter A counter that does not sequence through ail u 
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Munostable multivibrator A multivibrator having only one stable state. The other one is a 
(juasi-stable state. It is also called one-shot. 

Monotonicity A property whereby the output of a DAC either increases or slays at the same 
value, but never decreases as the input is increased. 


The most significant bit. The leftmost bit in a binary number. 

MSD The most significant digit. The digit that carries the most weight in a particular number, 
i.e. the extreme left digit in the number. 

MSI Medium scale integration. A level of integration in which 12-99 gate circuits are 
fabricated on a single chip. 

Multiple* To put information from several sources on to a single line or transmission path. 

Multiplexer (MUX) A digital circuit, depending on the status of its control inputs, that 
channels one of several data inputs to its output. 


NAND gate The logic gate that outputs a 0 only when all its inputs are Is. It gives the 
complement of the AND output. 

NAND-gate latch Basic flip-flop constructed using two cross-coupled NAND gates. 

Negative logic The system of logic in which a LOW represents a 1 and a HIGH represents 


a 0. 

NMOS N-channel metal oxide semiconductor. 

Noise Unwanted (spurious) signals. 

Noise immunity The ability of a circuit to tolerate noise voltages on its inputs. 

Noise margin Quantitative measure ol the noise immunity. It is the maximum noise voltage that 
can be added at the input of a gate without affecting its operation. 

Non-retriggerable one-shot A type of one-shot that does not respond to a trigger input signal 
while in its quasi-stable state. 






of electrical power, 

NOR gate A logic circuit that outputs a 1 only when each one of its inputs is a 0. It is 
equivalent to an OR gate followed by an inverter. 

NOR-gate latch A flip-flop constructed using two cross-coupled NOR gato. 

NOT circuit A logic circuit that inverts its only input. 

Oita I number system A number system with 8 digits (0, 1, 2, 3, 4. 5. 6. 7). 

0cl *t A group of 8 Is or Os that are adjacent to each other in a Karnaugh map. 

Olfset error The voltage present at the output of a DAC when the input is all Os. 

0ne ’ s implement form A form of representation obtained by complementing each bit ot a 


binary number. 








'Multivibrator. 










«44 Fundamentals of Digital 

^ n , ga tes which use only one transistor with a floating collector i n 

Open-collector gales The U- l 

the output structure, whenever one of its inputs is a HIGH. 

OR gate A logic circu ^ in a FF which override the effects of all other input 

Override inputs Asynchronous 

signals circuit that switches back and forth between two states. 

Oscillator An electronic ct f u |t-adders that adds all the bits from two numbers 

,, * dieital circuit witn iun 

parallel adder A dig 

simultaneously. ^ ^ lhe pp s arc triggered simultaneously—the other name 

parallel counter A cou ^ r in 

of synchronous coun which lhe entire con tents of a register are transferred 

Parallel data transfer The opera i 

to another register. tran sfer of all bits of a binary number from one place to 

Parallel transmission Simultaneous 

another. A type 0 f shift register that can be loaded with parallel 

Parallel-in, parallel-out, shi ' ayailable 

data and has also para c of shjft rcgister that ca „ be loaded with parallel 

n 11^1 cprial-out, shift register 

Parallel-in, senai ou., , terminal. . -T 

P » that is attached to each code group so that the to, a, number of Is 

being transmuted IS «tta ZldTcheck parity among the group of bits received. 
IZ geacnM 1 A digital circu,, .ha, tabes a se, of data bits and produces the come, par* 

peir— - - - - irss DAC “ can 3150 

be defined as the reciprocal ot the maximum nu P 

PMOS P-channel metal oxide semiconductor. . , : ts rc i a tive 

Positional-value system The system in which the value of a digit is epen en 

Positive logic system The system of logic in which a HIGH represents a I and a LOW represen 

a 0. , , m 

PRESET Asynchronous input used to instantaneously set Q = •■ nc hronously 

Presettable counter A counter that can be PRESET to any initial count 

or asynchronously. thod 1#’* 

Prime implicant A term which cannot be combined turther in the tabu a b jghesi' va ' ul ^ 

Priority encoder An encoder that produces a coded output corresponding 

input when two or more inputs are applied simultaneously. meranun^* 

PROM A ROM that can be programmed by the user. It cannot be erase j^iion a,1t ^ l ^ L 

Propagation delay The time interval between the occurrence of an ,n P u 
corresponding output transition. 
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Pulse A sudden change from one level to armth, r „ 

original level. r Showed by a sudden change back to the 

Quantization error The error caused hv 

of lhe device. ^ " 0n Zero of an ADC; i, is an lnherem emir 

Quasi-stable state A temporary stable state A 

before returning ,o the normal stable sutc. 80 *°"^^““ “ “?»* ered lo ««e 
quasi-stable. n ,nc ^ales of an aslable multivibrator are 

Quine McCItisky method A labular method used ,0 m ■ „ 

Race A condition in a logic network in which the differeZm expressi °" s - 

or more s.gnal paths in the nciwork can produce an cmoneouTf' 0 " ‘ imeS ' hr °“ gh ' W ° 

Read The process of retrieving information from a mliTo^ Ume “ ^ ^ ^ ^ IOCaU ° nS 

Read/write memory A memory that can hf» h<,th a r 

„ . . . . . J y " be both rcad from and written into. 

Reflected code A code with the property that an Vhk«u 

N - 1 bit code about an axis at the end of the a ^ ** obta,ned b > reflecting an 

below the axis. and P u hmg Os above the axis and Is 

Refresh The process of renewing the contents of a dynamic memory 

Register A group of flip-flops capable of storing data. 

RES “ S ' i " C °‘ * m rC8iS ’ Cr ° r COl,mer Whe " 0s « s, °rod. This term is synonymous with 

Rcs m u ;r AI so n . e am , r the ou,pui for a 

— Change ,0 product %£ ? n ~ ^ “ hich "» '"P«» 

Ret ?tf g q™si-stablt S !ate. A ' yP '’ " nC '' h °' lha ' wi " respond 10 a ln S? er in put signal while in 

"'ZihTmn, r Se f n t ,n ;- serial ' oul ’ s,lifl rc * istcr ln which the output of the last FF is connected 
10 lft e input ol the first FF. 

PI |!. e C °f Un ^ er A counler m vvhl ^'h the external clock signal is applied to the first FF and then 
x c °ck input to every olher FF is the output of the preceding FF. 

Read only memory. 

Sch 

- 1 , ngger A digital circuit that converts a slow-changing signal into a fast-changin ' 7 

j. S' ^ ^ 1T-L subfamily that uses the basic standard Tl’l. circuit except that it uses a 

(, ° N barrier diode between the base and collector of each transistor 

t) "P'^enting code A code in which the code word of the 9’s complement of A', i.e. of 
.. J L ‘ tn ^ 1C obtained from the code word of A' fn interchanging all Os and Is. 

„ ‘ A code in which each succeeding code word is one hiriarx number crenter than 

,S nrocedinu code word. 
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Sequence detector A digital circuit used to detect a sequence in the input. 

Sequential logic A system ol logic in which the logic output states and the sequence of 
operations depend on both the present and the past input conditions. 

Serial adder A type of adder which adds wo numbers by taking the bits from them serially 
with a carry. 

Serial data transmission Transfer ol data Irom one place to another one bit at a time on a single 
line. • 

Serial-in, parallel-out, shift register A type of shift register that can be loaded will, data 

serially, but has parallel outputs available. 

Serial-in, serial-out, shift register A type of shift register that can be loaded with data serially, 
and also has a serial output terminal available. 

SET The state of a flip-flop when it is in the binary 1 state. 

Set-up time The lime interval for which the control signals must be held constant at the input 
terminals of a FF, prior to the arrival of the triggering edge of the clock pulse. 

Settling time I he time taken bv the output of a DAC to rise and settle within one-hall step size 
of its full scale value as the input is changed from all Os to all Is. 

Shift register A digital circuit capable of storing and shifting binary data. 

Sign bit A binary digit that is inserted at the leftmost position of a binary number to indicate 
whether that number represents a positive or negative quantity. 

Speed power product Numerical value (in joules) often used to compare different logic 
families, it is obtained by multiplying the propagation delay (ns) by the power dissipation 
(mW) of a logic gate. 'rioK(J| 

SSI Small scale integration (less than 12 gates per chip). 


Stage One storage element in a register or counter. 

Standard SOP form A form of Boolean expression in which each product term contains all the 
variables of the function and all these product terms are summed together. 

Standard POS form A form of Boolean expression in which each sum term contains all the 
variables ol the 1 unction and all these sum terms are multiplied together. 

Stale assignment 1 he process of assigning the states of a physical device to the states ol a 

sequential machine. .^ 






State diagram A picture showing the relationship between the present 
state and the output oi a sequential machine. 

State machine Any sequential circuit exhibiting a specified sequence of States. 

State table A table showing the relationship between the present stale, the input, the next state 
and the output of a sequential machine, . tU 4Jp 

State variables The output values ot the physical device in a sequential machine. 

SRAM (Stall, RAM I A RAM that stores information in FF cells which do not have to ^ 
refreshed unlike those of the DRAM 
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S,raigh * COdinS Re P rese "««on of a decimal number by its equivalent binary number 

Strobing A technique often used to eliminate decoding spikes. 

Substrate A piece of semiconductor material over whtch the components are fabricated in 
an 1C. 


Sum of products form A form of Boolean expression, that is, the QRing of ANDed terms. 

Synchronous Having a fixed time relationship. 

Synchronous counter A counter in which the circuit outputs can change states only on the 
transitions ol a clock. 

Synchronous inputs Input signals synchronized with the active clock transition that determine 
the output state of a FF. 

Synchronous systems Systems in which the circuit outputs can change states only on the 
transition of a clock. 

Synchronous transfer Data transfer performed by using synchronous and clock inputs of a FF. 

Terminal count 'Die final state of a counter sequence. 

Timing diagram Depiction of logic levels as related to time. 

Toggle mode The mode in which a FF changes states for each clock pulse. 

lotem-pole A term used to describe the way in which two bipolar transistors are connected 
one above the other at the outputs of most TTL gates. 

Transition A change from one level to another. 

Transition and output table A table showing the state transitions and the output oi the 
sequential machine in terms of the assigned states. 

Transmission gate A digitally controlled bi-lateral CMOS switch. 

Trigger A pulse used to initiate a change in the state of a logic circutt. 

Tri-state A type of output structure which allow s three types of output states—HIGH. LOW and 
high-impedance. 

Truth table A tabular representation of the outputs of a logic circuit for all possible 

combinations of inputs. 

TTL (Trans i stor Transisitor Logic) An IC technology that uses the bipolar transistor as the basic 
circuit element. 

( LSI Ultra large scale integration (more than 100,000 gates per chip). 

Unipolar ICs The ICs in which the MOSFETs are the main circuit elements. 

Unit distance code A code having the property such that the bit patterns for two consecutive 
numbers differ in one bit position only. 

^ nit load 1 he current drawn bv the input ol a logic gate when connected to the output ot an 
identical gate. 
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l niversal spates I'hc gates using winch (he basic logic functions (AND, OR and NOT) can h 
realized. “*1 | M 

Universal shift register Shift-right, shift-left, shift register which can input and output data 

either serially or parallely. 

Up-counter A counter that counts upwards from zero to a maximum count. 

UVEPROM Ultra violet erasable programmable read only memory. 

Variable modulus counter A counter in which the maximum number of states can be changed 

VLSI Very large scale integration (10,000 to 99.999 gates per chip). 

Volatile memory Memory requiring electrical power to keep information stored. 

Voltage level translator A circuit that takes one set of input voltage levels and translates it 
to a different set of output voltage levels. 


Weight The positional value of a digit in a number. 

Weighted code A digital code that utilizes weighted numbers as the individual code words. 

Wired AND A term used to describe the logic function created when open-collector outputs are 
tied together. 

Word A group of bits representing a complete piece of digital information. 

Wrapping around Folding at the centre of a Karnaugh map such that the edges coincide. 
Writing The process of storing information in a memory, 


answers to problems 


CHAPTER 2 


2.1 (a) 188 

2.2 (a) 11 

2.3 (a) 100101 

(d) 11001101.000011 

2.4 (a) 101000 

2.5 (a) 0110 

2.6 (a) 1000001 

2.7 (a) 11.0101 

2.10 (a) 1111 1101 1011 
(d) 0011 1010.1000 


(b) - 522 
(b) 109 
(b) 11100 


(b) 1001110.111 
(b) 1011 
(b) 110010 
(b) 110 

(b) 1111 0101 0011 


(c) 4427.70 
(c) 13.75 

(c) 11000101.1011 

(c) 110000 
(c) 101.01 
(c) 1001011.101 
(c) 110 

(c) 1011 II10.1000 


2.11 (a) 1111 1001 1110 

(b) nn oooi 

nil (c) nn oon ooio 

(d) 1111 1110 0010. 

1001 


2,12 (a) 17 

(b) - 48 

(c) 78.6 

2.13 (a) 35 

(b) -38 

(c) 46.25 

2.14 (a) 0000 1110 

oooo tno 

oooo mo 

(b) 0001 1011 

0001 1011 

oooi ion 

(c) 0001 01101 

0001 01101 

oooi onoi 

(d) 1001 0001 

mo mo 

ino nn 

(e) 1010 0101 

1101 1010 

not ion 

(0 1 ioo noo 

ion oon 

ion oioo 

2.15 (a) AE 

(b) 4ID 

(c) 3F2.98 

2.16 (a) 1253 

(b) 41375 

(c) 2367.52 

2-17 (a) 307 

<b) 1070 

(c) 1071.81 

2.18 (a) 437 

(b) 7564 

(c) 644.463 

2-19 (a) 460 

(b) 3322 

(c) 44.55 

2.20 (a) 25 

(b) 265 

(c) 126.67 

2 *2l (a) 230 

«** ~ _ 

(b) 1623 

(c) 73.31 

*•22 (a) 66.346 

(b) 351.122 

(c) 17.311 

2 -23 (a) 51 

(b) -365 

(c) 104.7 

^■24 (a) 1100 0010 0000 

(b) 1111 0010 

1001 oni 


Cc) 1010 nil 1001 . 1011 0000 1101 

2 W 11 10 oi l 1 1001 1010.0110 1010 0100 

■ 25 (a) 16 (b) 2DB (c) 1B7.78 


# 


(d) -389.3 
(d) 110.375 


(d) 110001.1! 
(d) 1.10 
(d) 110111 
(d) 1011.000111 


0011 

(d) -52.75 
(d) -39.25 


(d) C2C.598 
(d) 136160.034 
(d) 3420.06 
(d) 20434.360 
(d) 720.65 
(d) 125.7 
(d) 4427.70 
(d) 366.05 
(d) 442.04 


(d) 1B6D.B4 
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2.26 (a) 2742 

(b) 11959 

(c) 41103.879 

(d) 36423.629 

2.27 (a) 1C4 

(b) 12BC 

(c) 4E0.8E5 

(d) 22FD.C 

2.28 (a) 161F 

(b) 1585B 

(c) 5ID 

(d) 1AD84.6E 

2.29 (a) 19A 

(b) 389 

(c) C371.D2 

(d) 1DE3.C5 

2.30 (a) 1DFE 

(b) 27A34 

(c) 1E12E.94 

(d) 664. DF 

2.31 (a)EO.C 

(b) 726 

(c) 418.0E 

(d) 5746.451 

2.32 (a) 60 

(b) 371 

(c) 9976. FB 

(d) 3AF6.2 


CHAPTER 3 


3.1 

(a) 

0010 

1001 0110 

(b) 

0001 0101 0111 

.0101 

(c) 0100 0010 0010 1000.0101 


(d) 

1000 

0000 1001 

(e) 

0011 0111.0101 

0010 

(0 ooio 0000 

' 0100 0000.0000 1000 

3.2 

(a) 

0010 0000 1011 

(b) 

ooio noo oon oooo 

(c) noo nil 

1101 (d) 1110 0000 


ta) 

0011 0000 1000 

(b) 

0011 1010 0101 0000 

(c) ioio nn 

noo (d)inooooo 


(a) 

0110 0000 1011 

(b) 

0110 1010 010! 0000 

(c) ioio nn 

1001 (d) 1000 0000 

3.3 

(a) 

839 


(b) 

578.9 


(c) 697.4 

(d) 8603.8 

3.4 

(a) 

1100 

1010 

(b) 

1001 1000 0110 


(c) 1011 0100 0101.1100 


(d) 

0100 

1100 

(e) 

0101 1000 0100 

1000 

(0 0101 0011 

1000 0110.0011 1001 

3.5 

(a) 

859 


(b) 

374.5 


(c) 695.4 

(d) 4526.5 

3.6 

(a) 

771 


(b) 

897 

(c) 

363.3 

(d) 399.35 

3.7 

(a) 

655 


(b) 

62 

(c) 

208.7 

(d) 215.9 

3.8 

(a) 

0101 


(b) 

loio 

(c) 

nno 

(d) 1010000 


(e) 

1100 

10001 






3.9 

(a) 

mi 


(b) 

1011)11 

(c) 

101101101 

(d) 11001 


(e) 

10101010 






3.10 

(a) 

1010 


(b) 

110110 

(c) 

111101001 

(d) 1110 


(e) 

1011010 






3.11 

(a) 

Error 


(b) 

No error 

(c): 

No error 

(d) Error 


(e) 

Error 






3.12 

(a) 

00110 

11000 


(b) 00101 01100 0100! 

(c) 1000! 11000 10010 


la) 01 00)00 10 10000 (b) 01 00010 1 0 00001 01 01000 (c) 10 00010 10 10000 10 00100 

(a) 00011 10000 (b) 00001 11111 00 i n (c) 111 10 10000 10010 


ui IKKKKKKKJIO ItKWMMJIHHH) (b) CKKHKHHmi IHMJDI UtKHM) CMHHKMl 1 (KHI (cj 

3.14(3)0101010 (b) 0101101 (c) 0101101 

(e) mini 

3.15 10010110011001l100001101010! 

3.16 (a) 100 0010 100 1001 101 0010 101 0100 100 1000 

(a) 1100 0010 1100 1001 110! 1001 1110 0001 IKK) KXH) 

(b) 100 0001 100 1011 011 0100 01! 0111 

(b) iioo oooi uoi ooio mi 0100 mi out 


mwHtHHHWn low iuoi mini ouiihhxhhmi 

(d) 1001011 


CHAPTER 5 


(c) 0 


5.2 (a) ABC 
(e) 0 


(b) ABC 

(0 o 


(d) 0 


5.3 (a) P + Q 
(e) I 

5.4 (a)Y 

(e) 1 

5.5 (a)XYZ 

5.6 (a) A 

(e) AB 
(i) W(X + Y ) 

5,8 (a) P + QR 

(d) ABCD 


(b) 1 
(OP 
(b) 0 

(0 X Y + XT’ + y Z 
(b) XY 

(b) 0 

(0 A + B + C 
<j) 1 

( b ) PQ + Rs 
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(c) 1 
(c) 0 

(c) 0 

(c) AB + EF 
(g) BC 
(k) 1 


(d) I 
(d)XY 

(d) ABC 
(d) ABC 

(b) B + C 

(0 c 


<C) (A + B) (C + D) + (eTfhgT 


H) 


5.9 (a) AC + BC + AD + BD 
(d) AB + CD 

CHAPTER 6 


(b) ABC + ACD 


(c) AD + B CD 


6.1 (a) ABC + ABC + ABC + ABC + ABC 

<b) + ABC + ABC + ABC + ABC + ABC 

(0 ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + ABCD + 

ABCD + ABCD + ABCD + ABCD + ABCD 

,, " ff * a6c “ * »W , . « DI , 

+ B + C)(A + B +C)(A + B + C)(A + B + C)(A + B + C) 

(b)(A + B + C + D)< A + B + C + D )( A + B + C + D XA + B + c + D) (A + S + c + D) 

(A + B + C + D)(A + B + C + D) 
u ) (A + B + C + D)(A + B + C + D)(A + B + C + D) 

(d) ^ + B + C + + B + C + D)(A + B + C + D)(A + B + C + 5) 

(A + B + C + D)(A + B + C + D)(A + B + C + D)(A + § + C + D) 


(A + B + C + D)(A + B + C + D)(A + B + C + D) 

6.3 (a) (7 

c (h)16 < C > 8 

' (Oil 

(a ^ AC + (b) B + C + D (c) A + C 

6-5 (a) a — _ 

(b) A(B + C)(B + D) (c) B 
^' 6 + BD + AB + AD 

1A + [) )(A + C)(A + B)(A + 5) 

6,8 acd + ac 


(d) 16 
<d) B + C 
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6.9 (a) (C + DXA + B) (b) § + AD _ (c) BD + AC + ACD 

(d) (B + C + D)(A + B + D)(B + C + D)(B + C + D) 

(e) AC + BC + ABD (0 A(B + c + 

6.10 (a) (B + D)(B + E)(A + B + C)(A + C + D)(A + B + C) 

(b) CD + BCE + ABD + ABCD _ _ __ 

(c) aC d + CDEF + ABDE + BDEF + BDEF + ABCDF + ABCDE + ABCDF 

(d) CDE + CDF + ABE + BCDF + ABDE + ABDF + ACEF + BDEF + ABCDF ^ 

6.11 (a) (A + C + D)(A + B + D)(A + C + D) 

(c) (A + D)(A + B)(B + C + D) ^ (d)^A(B + C) 

(e) (A + B + C)(A + C + D)(A + B + C)(A + C + D) 

(0 BC + BD + ACD 


(b) (A + B + C)(C + D)(A + B + C + D) 


im 

^2m 


2m 


= ACD + ABD + ACD + ABC 

(b) f lm = AD + BC + ABD 

= ACD + ABD + BCD + ABCD 

= AD + BCD + AB + BCD 

= ACD + ABD 

it 

>i 

Ol 

1 

— ABC + AD + BC + ACD 

(d) f lm = BC + ABC + AD 

= ABC + ABD + BCD + ACD 

f 2m = AC + BD + ABC 

= ACD 

fc = ABC 


(b) ACD + ABE + ABC 
(d) BD + CD + AC 
(0 BCD + ABD + BCD 


6.13 (a) AC + BCD + ABD 
(c) BC + ACD +BCD + ABC 
(e) ABD + BCD + AE + BC + ABC 

6.14 (a) ADE + BCF + ABD + ABD + ABCD 

(b) ACDF + BCDF + ABCE + ACDE + BCDG + ABD + BCD 

(c) CDF + ABCDG + BCF + BCDH + A BCG + ABCD 

(d) BCDE + ABCG + BCDF + BCDE + ABD + ABCDH 

(e) ACDE + ABDE + ABD +ACDF 

(0 ABDE + ABC + BCDG + ABDF + ABC 


CHAPTER 7 

7.1 II A. B. C and D are ihe BCD inputs and f 3 , f 2 , f ( and f 0 are the 2421 outputs, then 

f 3 =A + BC + BD, f 2 = A + BC + BD , f, =A+BC + BCD, f 0 = D 

7.2 11 A, B, C and D are the 2421 inputs and f 4 , f 3 , f 2 , f, and f 0 are the 51111 outputs, th^ n 

f 4 = A, f 3 = B, f 2 = AB + BC + BD + ACD, f, = AB + AC + BC, f 0 = AB + AC + AD 

+ BCD 


D 0 = ABCD 
D 4 = ABCD 
D 8 = ABCD 


D i = ABCD 
D 5 = ABCD 
D 9 = ABCD 








7.4 If A. B. C and D are the 242! code bus the . . 

Do = ABCD D. = Tg= ' " d cimal digits 


_ are given by 

°2 = ABCD n T - 

n _ D 3 = ABCD 

= ABCD n - _ 

u ? - ABCD 


ABC D 
’5 = ABCD 


D 2 = ABCD 
D 6- ABCD 


are the given by 

D 3 = ABCD 
D 7 = ABCD 


D,>= ABCD 

D * = D 5 * ABi 

Dr = ABCD D 9 = ABCD 

7.5 If A, B, C and D are the 2421 code bits f - , 4 * 

7.6 If A. B, C and D are the 3321 BCD code L7 ( f ® B) + (C ® D) 

7.7 (a) If A, B, C and D are the 5211 in puts f ° ~ (A ® B ) + (C O D) 

f, = A, f 2 = AB + CD + BC f - ^ ^ fj ’ I' a " d f ° m ,he 242 ' outputs, 

(b) If A, B, C, and D are the bi„^ tnpuul?/ f? + AK ' f « = CD + AD + A( 

outputs, then p a " d f 6 . f 5 , f„ f„ f 2 . f, and , o ^ ^ 

fis - AB + AC, f 5 = A + §C, 

f 2 - BD + BCD + ABD + ABC + ABC 
f| = + ACD + ACD + ABD + ABCD 

(c) IfA, B,C, and Dare the BCD inputs and G G r.nr 

then °3’ ° 2 - C, and G 0 are the gray code outpu 

G 3 = A, G 2 = A + B, G, = rc . 5r r - . ^ 

7.8 (a) f = A © B 0C ° AD + CD + AG D 

f = AT® B © C 


f 3- ABC + ABD + ABC + BCD 


CHAPTER 8 


8.1 o 




8.2 q_ 



r 

a i 

"J r rl 


e 


d e 


8.3 < 




J 


e 


Positve edge-triggered 


Negative edg e-trigg ered 


Master-slave 
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Q 
i Q 


Q 


a 


Positive edge-triggered 
Negative edge-triggered 


Master-slave 


8.5 Q 







, £ r. HD i i 

^ b c □ © ^ 1 y 


8.6 Q- -* b d X y f h p 

8.7 0 1 0 0 0 1 1 1 

8.8 Let C = 0.1 pF, then /? A = 1.47 kQ 

8.10 Let R cxl = 10 kfl. then C wt = 714 pF 

8.11 Let C = 1 HF, then R = 900 O. 


CHAPTER 10 

10.1 (a) Connect all Js and Ks to 1. Provide a RESET pulse R = Q 3 Q 2 Qt • 

(b) Connect all Js and Ks to 1. Provide a RESET pulse R = Q 4 Q 3 * 

(c) Design equations are J 4 = Q 3 Q 2 QJ' K 4 = 1 , J 3 = Q 2 Qi> ^3 - Qa* ^2 Qi» ^2 - Qi* 

J,= Q 4 . K,= 1 

(d) S ? = Q 2 Qi, R 3 = Q 2 Q,. S 2 = Q 2 Q t , R 2 = Q 3 Q 2 + Q 2 O 0 s i = Q 2 Q 1 + Q 3 Q 1 * R i = Ql 

(e) T 4 = Q 4 Q,Q! + Q 3 Q 2 Q„ T ? = Q 4 Q 2 Q], T 2 = Q 4 Q 2 , T l = Q 4 Q 1 

(f) D 4 = Q 4 Q 3 + Q 4 Qi + Q 3 Q 2 Qi, D 3 = Q 4 Q 3 Q 2 + Q 3 Q 2 Qt + Q 4 Q 3 Q 1 

D 2 -Q 2 Q 3 + Q 4 Q 2 Q 1 + Q 3 Q 2 Qi» = Q 2 Qt + Q 4 Q 1 + Q 3 Q 1 

10.2 J 3 =l. Kj = Q 2 , J 2 = Q[, K 2 =Q 3 , J, = Q 3 , K, = Q 2 ; yes; J 3 = Q 2 Q,> K 3 = Q * 

h~ Q 3 * K 2 = Qp J| ~ Q 3 Q 2 , Kj = Q 3 + Q 2 

10.3 (a) Dj = Q,Q 2 Q 3 , D 2 = Q 2 Q,, D, = 0, 

< b > T 4 = Q 4 Q 3 + Q 4 Q 2 + Q 2 Qi + Q 3 Q 1 + Q 3 Q 2 Q 1 * T 3 = Q 4 Q 2 + Qi + Q ?° 2 

T 2 = Q 3 Q, + Q 4 Q 3 + QjQj. T, = Q 4 Q 3 + Q 4 Q 2 Q, 4- Q 4 Q 2 Q 1 

(c) T 3 - Q 2 Q], T 2 = Q 2 + Q 3 Q,, Tj = Q 3 Q 2 + Qp yes, self starting 
td > T 3 = Q 2 + X. T 2 =Q 3 + X. T, = Qj + xQ 2 




(b) T 3 — Q 2 Q 1 » T 2 


(c) f| 

(d) f 



(e) 

10.5 D 3 = Q 3 Q 2 

10.6 f = (Q 2 Qt) 


*3 - 4 NC. 2- V3 + y 2 , T,* 0 _ 

f, = QAA * Q 3 Q 1 ♦ Q,q„ r ! ^ 

f=(Q 4 0 2 ).w„ha4.h„ S hm re8 ,' er l 2Q,t 

r = Q, + w, ♦ Q,Q 2 Witt, a 4 -bit sh ; fl 


_ _ __ register. 

f = Q 4 + Q 2 O, + QiQj with a 4-bit shift „ ■ 

_ 2 . _ ntu register. 

: Q3Q2 + Q3Q1 . D 2 f Q 2 , D. = 0 . _ 

— I + 0,0 

), ) With a 3-bit ripple counter. 


QjQ,Q, 


a 


ri Pple counter 


10.7 S 4 = Q 3 Q 2 Q.M + Q 4 Q 3 Q 2 Q t 

S 2 = Q4Q2Qi m + (Q 4 Q( +Q 3 Q 2 Q ] )M 
R 4 = Q|M + Q 4 Q,M 

^2 = Q2^i^4 + Q 2 Q,M 

10.8 D, = Q 3 Q 2 M + Q3Q2QJM 
D, =Q 2 Q,M 


83 = Q3Q2Q,M + ^ 

S i = Q^ + q,^ 

= Q3Q 2 Q,M + 

Ri=s Qi m + Q,m 

°2= Q 3 M + Q 3 m + 





CHAPTER 12 


0 -- 1UI pr»oiems are as given helc 

12.1 J, - y 2 x, K, = y 2 . J 2 = y, x + y, x, K : - y 


12.2 Da = v,x + v T n - - - ‘ z = yiy 2 x 

3 ’ 2 y - iy2X + y 3 y 2 X + y3y 2 X, D, = y y + y ? - 

Z=y 3 y, x '3-1 + yjX + y 2 y,x 

U 3 S ' =y 2 *‘ R l = y 2 , S 2 = y lX R - v 7 

- 2 K 2- y It Z, =y„ Z 2 = y 2 

y ’ x + + y 1 x + y. v, t _ v v . — 

V V v , ,y3, 2 ~ yjV2 + y ' y 3 x + y 2 y 3 x 4 - y, x + V y, X 

y '- v 2 x + y 2 y 3 x + y iy ,x, z = YiX y -' y2X 

r, = v c __ _ 

' I’ ~ y\ X + y 7 y. x R - v w , v c 

: y 2 y 3 + y, y. - * 2 y 2 y * + x, s, - y 2y? + y?Xt 

y^x. K, = v a- r 

= K =| 2 *’ ,3= y ' x Kj=l. Z = y,y 2 a 

' clock ANDivt K2 1 y ' M + y '**' 1} = K ’ = + 

= y,y,y J - T h _ COnlro1 x and a PP lied '0 J-K FFs. 

• ■’ + ■ V -’>'4 X + y 2 y 4 * + y 4 y,x + y y x 

- _ ' 42 

■»*r + y v * "”*+J** + JJ** 

hy,. K , +y ^3 x+ y 2 y 4 x; D 4 =y 2 y,y J x+y 2 y,y J x 

y ' y » x • X 2 = x + y,, J, = y ( x , K, 


T, = 

^3 = 

lis s, = 

i2 -^ J) = 
12.7 j _ 

M = 

l2 -S D. ^ 



D 


2 


■2.9 


D 3 


J, 


x + y 2 . z = y,y, x 
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CHAPTER 13 


13.1 3.1 V; 2.1 V 

13.2 (a) 55/32 V (b) 215/64 V 

13.3 11001100 _ _ 

13.4 R { = 10 kfl, R = 7.8125 kfi, 2 R = 15.625 kO, 4 R - 31.25 kQ. 8 R - 62.4 kQ 

13.5 6 bits 


13.6 

13.7 

13.8 


10 mA 

/j = 0.75 mA. 
1.8125 mA, 9 


/. = 0.375 mA. /, = 0.1875 mA. / 0 = 0.09375 mA 
.0625 V 


^ ^ ^ ^ — 5 MHz 

13.10 ii* comparators and 32 resistors; 0.5 V assuming R = 1 k£2 and the last comparator is 
connected to V cc through 9 kfl. 

13.11 40.95 V 

13.12 10 p.s 

13.13 10110000 


INDEX 


Active-HIGH gates, 146 
Active-LOW notation, 146 
Active pull-up. 474 
Adder, 5 
BCD, 249 
full. 234 
half, 233 
IC parallel, 244 
look-ahead carry, 242 
parallel binary, 240 
ripple carry, 241 
serial, 248 
serial binary, 522 
Adder/subtractor, 246 
Addition, 5 
Adjacency, 163 
All or nothing gate, 90 
Analog 
circuit, 1 
device, 1 
ICs, 10 

Analog-to-digital converters (ADCs), 546 
counter type, 564 
digital ramp type, 564 
dual-slope type. 569 
flash type, 567 
parallel type, 567 
simultaneous type, 567 
successive-approximation type, 571 
tracking type, 565 
voltage-to-frequency type, 574 
ANSI/IEEE symbols. 104, 106 
Anti-coincidence gate, 98 
Any or all gate, 91 
AOl logic, 94 

Applications of flip-flops, 343 
counting, 344 
frequency division. 344 
parallel data storage, 343 


parallel-to-serial conversion, 344 
serial data storage. 343 
serial-to-parallel conversion, 344 
transfer of data, 343 
Arithmetic circuits, 233 
Asserted levels, 146 
Astable multivibrator, 348, 355 
using 555 timer, 355 
using inverters, 355 
using Op-amps. 357 
using Schmitt trigger, 354 
Asynchronous 
inputs, 326 
latches, 332 
systems, 334 
Axioms, 121 


Backplane, 280 
Base, 17 

Basic building blocks, 149 
Basic gates, 89 
Basic operations. 121 
BCD arithmetic, 64 
Binary codes, 62 
8421 BCD, 64 
alphanumeric, 82 
ASCII. 82 
BCD. 62 
biquinary, 78 
cyclic, 63 
EBCDIC, 84 
error correcting, 79 
error detecting, 75 
gray, 62, 63, 71 
Hamming. 80 
Johnson, 78 
natural. 64 

negatively-weighted. 62 
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non-weighted. 62 
numeric. 62 
positively-weighted, 62 

reflective. 71 
ring counter. 79 
self-complementing, 63 
sequential. 63 
unit distance. 63 
weighted. 62 
XS-3, 67 
XS-3 Gray. 74 
Binary multipliers. 251. 254 
Binary number system, 20 
addition. 26 
division, 29 
multiplication, 28 
subtraction. 26 
Bipolar ICs, 11 
Bistable multivibrator, 309 
Bit. 20 

Boolean algebra, 120 
Boolean algebraic laws, 121 
absorption, 128 
AND, 122 
associative, 123 
commutative. 122 
complementation. 122, 127 
consensus, 129 
De Morgan’s, 130 
distributive, 124 
double negation. 127 
idempotence. 126 
identity. 127 
null. 128 
OR, 122 
transposition. 130 
Branching method. 217 
Bubbled AND gate, 97 
Bubbled OR gate, 95 
Buffer/d ri ver, 483 
Buffer register, 369 


Canonical POS form. 156. 159 
Canonical SOP form, 156, 157 
Carry flag. 30 
Cany generate function, 244 
Carry-in. 243 

Carry propagate function. 244 
Carry-out. 5. 234. 243 


Cascading of 

BCD adders, 251 
parallel adders, 235, 245 
ripple counters, 400 
synchronous counters, 453 
Cathode ray tube. 275 
Cell. 162, 532. 578 
Cell table, 532 
Check sums, 76 
Chip. 10 

Chip select, 583. 594, 595 
Circuit design, 2 
Clipping circuits, 376 
Clock skew, 332 
Clock transition times, 331 
CMOS, 498 

bilateral switch, 503 
buffered and unbuffered gates, 501 
inverter, 499 
NAND gate, 499 
NOR gate, 500 
open-drain outputs, 503 
transmission gate, 501 
Code converters. 253 
binary-to-BCD. 259 
binary-to-gray, 256 
gray-to-binary. 257 
Code converters using ICs, 259 
Combinational circuits, 309 
Common-anode type LED display, 276 
Common-cathode type LED display. 276 
Comparators, 265 
Complement arithmetic 
l’s complement, 37 
2's complement. 35 
7’s complement. 44 
8's complement, 44 
9’s complement, 18 
10’s complement, 18 
15 s complement. 51 
I6’s complement, 51 
Computation of total gate inputs. 161 
Computer method of division. 30 
Computer method of multiplication. 28 
Control unit, 12 
Controlled buffer register. 369 
Controlled inverter. 96. 98 
Conversion from 

binary to decimal. 21 
binary to gray. 73 
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binary to hexadecimal, 46 
binary to octal, 41 
decimal to binary, 23 
decimal to hexadecimal, 48 
decimal to octal, 41 
gray to binary, 74 
hexadecimal to binary, 47 
hexadecimal to decimal, 47 
hexadecimal to octal, 50 
octal to binary, 40 
octal to decimal, 41 
octal to hexadecimal, 49 
Conversion of flip-flops, 339 
D to J-K, 342 
D to S-R, 340 
J-K to D, 342 
J-K to S-R. 340 
J-K to T, 342 
S-R to D, 341 
S-R to J-K, 339 
Conversion time of ADC, 565 
Counters, 8, 389 
applications, 455 
asynchronous, 389, 391 
design of, 394 
basic ring, 438 
BCD, 420 
decade, 407 
digital, 389 
divide-by-N, 390 
full modulus, 390 
hybrid, 412 
Johnson, 439 
modulus, 390 
presettable, 432 
programmable. 431 
ring, 385, 438 
ripple. 389, 397, 404 
self-starting. 414. 422 
serial, 389 
shift register. 437 
shortened modulus, 390 
synchronous. 389. 408 
design of, 413 
IC, 428 

twisted ring. 439 

Crystal-controlled clock generator, 358 
Current mode logic, 488 
( urrent steering logic. 488 


°ata lock-out FF, 338 
Data selector, 290 


Decimal number system, 17 
Decoders, 6, 269 
l-of-8. 271 
3-linc to 8 line. 270 
applications. 274 
BCD-to-decimal, 273 

BCD-to-seven segment. 275. 277 
Decoding. 6 

of ripple counters. 400 
Demorganii-aiion. 132 
Demultiplexers, 7, 299 
Nine to 4-line, 300 
Nine to 8-line. 300 
Demultiplexing. 7 
Derived operations, 121 
Digit, 17 
Digital 
circuits, I 
clock. 455 
computer, 12 
ICs, 10 
quantity, 546 
systems. I 

Digital-to-analog (D/A) conversion, 547 
Digital-to-analog converters (DACs), 546 
bipolar, 551 
parameters of, 548 
accuracy, 548 
monotonicity, 549 
offset voltage. 549 
resolution, 548 
settling time, 548 
R-2R ladder type, 552 
switched-capacitor type. 562 
switched current-source type. 560 
using BCD input code, 550 
weighted-resistor type, 557 
Diode matrix. 284 
Direct logic. 442 
Discrete 

AND gate, 90 
NAND gate, 96 
NOR gate. 97 
NOT gate. 94 
OR gate. 92 
Display devices, 275 
Divider. 6 

Dominating columns. 214 
Dominating rows. 214 
Don’t care 

combinations. 179.213 
conditions, 186 
terms, 211 
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Double dabble method, 23 
Double precision, 39 
Dual-in-line package, 10 

Duality, 133 
Duals, 134 
Duty cycle, 4 
Dynamic 

inverter, 383 
MOS inverter, 506 
MOS logic. 505 
MOS registers, 383 
NAND gate, 507 
NOR gate, 507 
RAMs, 596 

address multiplexing, 598 
combining. 604 
refreshing, 598 
shift register. 383 

ECL RAMs. 596 

Edge-triggered flip-flops, 317 

D, 321 
J-K. 323 
S-R, 319 
T. 326 

EEPROM, 589 
Encoders, 6. 281 

decimal-to-BCD, 283, 285 
keyboard, 284 
octal-to-binary, 282 
priority, 285 

decimal-to-BCD, 285 

octal-to-binary* 287 

Encoding, 6 

End around cany. 18, 37, 44, 52 
EPLD, 617 
EPROM, 587 
Equality comparator. 267 
Even parity checker, 262 
Excess-n notation, 40 
Excess-3 arithmetic, 67 
Excitation table. 414, 518 
Exponent. 39 

Fall time, 4 
Falling edge, 4 
Fan-in, 467 
Fan-out. 468 
Fast (F) TTL. 471 


Finite state model, 515 
Firmware, 590 
Flat package, 10 
Flip-flops, 309 

maximum clock frequency. 331 
non-clocked, 310 
operating characteristics. 329 
hold time, 330 
power dissipation, 332 
propagation delay time, 329 
set-up time, 330 
Floating point numbers, 39 
Floppy disk, 622 
FPL A, 611 

Frequency counter, 458 
Frequency stability, 358 
Full-subtractor, 238 

Gated latches, 315 
D, 316 
S-R. 315 
Gating, 353 

Generation of narrow spikes, 318 
Giant scale integration, 466 


Half-subtractor, 236 
Hard disk, 624 
Hex dabble method, 48 
Hexadecimal number system, 45 
addition, 50 
division, 54 
multiplication, 54 
subtraction. 51 
Hybrid logic, 141, 181 
Hybrid systems, 2 
Hysterisis loop, 347 

Illegal code, 64 

Inclusive OR gate, 91 

Incompletely specified functions, 193 

Index of the term, 207 

Indirect logic, 445 

Inequality detector, 98 

Inhibit 

carries, 531 
circuits. 100 
unit, 12 

Instruction code, 40 
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Interfacing. 536 

CMOS to TTL, 504 
ECL to TTL. 509 
TTL to CMOS, 509 
TTL to ECL, 509 
Inverter, 93 
Iterative network, 531 


J-K flip-flop with active-LOW PRESET and CLEAR, 
345 


Karnaugh map, 156 
five-variable, 174 
four-variable, 1 7 1 
six-variable, 176 
three-variable, 167 
two-variable, 161 


Latch, 310 

active-HIGH input, 310 
active-LOW input, 310 
LCD displays 

dynamic scattering type, 279 
field effect type, 279 
operation of, 279 
Leading edge, 3 
Least significant digit, 17 
LEDs, 275, 278 
Level 
logic, 89 

shifters, 504 
translator, 492 
Levels of integration, 10 
LSI, 11 
MSI. 11 
SSI, 10 
ULSl, II 
VLSI, 11 

Light emitting segments. 275 
Linear sequence generator, 449 
Liquid crystal cells, 279 
reflective type, 279 
transmittive type. 279 
Literals, 208 
Loading factor, 468 
Lock-out, 390 

elimination of. 423 


circuits, 1 
design, 2, 89 
diagram, 137 
levels, 3 
operations, 121 
race, 181 

Logic families, 471 
CMOS (see CMOS) 

ECL, 488 

interfacing, 492 
subfamilies, 491 
wired OR operation, 491 
1 2 L, 486 
MOS, 494 
TTL. 471 

characteristics, 485 
current sinking. 474 
current sourcing, 474 
HIGH-state fan-out, 475 
loading, 474 
LOW-state fan-out, 475 
open collector output, 479 
passive pull-up, 480 
subfamilies, 483 
totem-pole output. 473 
tri-state, 482 
unit load, 476 
wired AND operation, 480 

Logic gates. 89 
AND gate. 90 
NAND gate, 94 
NOR gate, 96 
NOT gate, 93 
OR gate, 91 
X-NOR gate, 99 
X-OR gate. 98 
Look-ahead carry, 41! 

Lower trigger level, 347 


Magnetic recording formats. 619 
Mainframe. 13 
Mantissa, 39 
Master reset. 432 
Master-slave flip-flops, 333 
D. 336 
J-K. 337 
S-R. 334 

with data lock-out. 339 
Maxterni. 156 
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Mealy model, 519 

Memory, 578 
add on, 578 
auxiliary. 578 
bit organized. 578 
charge coupled, 628 
data, 578 
expansion of. 598 
FIFO. 606 

data-rate buffer, 607 
internal, 578 
loop arrangement. 626 
magnetic. 617 
magnetic bubble. 578. 625 

major/mi nor loop arrangement. 626 
magnetic core, 617 
magnetic disk, 618 
magnetic tape, 625 
main, 578 
mass, 578 
optical disk, 627 
peripheral. 578 
program, 578 
random access. 582 
read only, 582 
read/write, 582 
sequential access, 582, 605 
volatile, 582 
word organized. 598 
Memory unit, 12 
Microcomputer. 13 
Minicomputer. 13 
Minterm, 156 
Modulus arithmetic, 35 
Monolithic 1C, 10 
Monostable multivibrator. 348 
applications. 353 
Moore model. 519 
MOS resistor, 495 
Most significant digit, 17 
Multiple output minimization, 184. 220 
Multiplexers, 290 
2-input, 290. 291 
4-input. 292 
8-input, 293 
16-input, 293 
applications, 294 
Multiplexing. 290 

seven segment displays. 297 
Multiplier, 6 

Multiplier quotient register. 28 


NAND logic, 142 
Negative AND gate, 97 
Negative edge-triggered FF, 318 
Negative logic system, 3. 89 
Negative OR gate, 95 
Nibble, 46 
NMOS 

inverter, 496 
NAND gate, 497 
NOR gate, 497 
Noise, 2 

Noise margin. 469 
Non-volatile RAMs, 604 
NOR logic, 142 

Octal number system, 40 
addition, 43 
division, 46 
multiplication, 45 
subtraction. 43 
One-shot. 348 

non-retriggerabie, 350 
triggerable, 350 
Optical ROM, 628 
Output carries, 531 
Output unit, 13 

Pair, 163 

Parallel data transfer. 368 
Parity, 75 
block, 76 
even, 75 
odd, 75 

two-dimensional, 76 

Parity bit generator/checker, 259. 263, 526 
Parity word. 77 
Perfect induction. 120 
Period. 4 

Positional-weighted system. 17 
Positive edge-triggered FF. 318 
Posili ve logic system, 3, 89 
Postulates of Boolean algebra. 121 
Power dissipation in logic gates, 467 
Prime implicant chart, 212, 222 
Prime iniplicants. 208. 220 
essential. 213 
Priority encoders 

decimal-to-BCD. 285 
octal-to-binary. 287 



Program, 2 

Programmable array logic, 608 
programmable logic devices (PLDs), 608 
erasable. 617 
PROM, 587, 615 
propagation delay in gates, 466 
propositional, 5 
Pseudo analog quantity, 548 
Pull-down transistor, 474 
Pull-up transistor, 474 
Pulse, 3 

Pulse train generators, 442 
using shift registers, 447 
Pulse triggered FFs, 334 
Pulsed operation, 109 


Quad, 164 

Quartz crystal oscillator, 358 
Quasi-stable state, 348 
Quine-McClusky method, 206 


Radix, 17 

Read/Write input, 580 
Recirculating shift register, 605 
Register, 368 

Retriggerable IC one-shot, 350 
Ripple carry 
adder, 241 
output, 429 
Rise time, 4 
Rising edge, 4 
ROM, 583 

applications of, 590 
block diagram, 584 
mask programmed, 586 
organization of, 583 
programming the, 582 
timing, 585 
types of, 586 
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Sequential machines, 515 
counters, 528 
memory elements, 51 g 
Serial binary adder. 522 
Serial data transfer, 368 
Serial/parallel data conversion. 385 
Serial parity-bit generator, 526 
Seven-bit Hamming code, 80 
Seven segment display, 276 
Shift registers 
applications, 384 
bidirectional, 381 
data transmission in, 371 
dynamic, 383 

parallel-in, parallel-out, 379, 380 
parallel-in, serial-out, 377, 378 
serial-in, parallel-out, 376, 377 
serial-in, serial-out, 372 
static, 383 
universal, 381, 382 
Sign bit, 31 

Sign magnitude form, 31 
Single-shot, 348 
Speed power product, 470 
S-R latch. 310 
NAND gate, 313 
NOR gate, 31! 

Stable state, 309, 348 
Standard POS form, 156 
Standard SOP form, 156 
State diagram, 517 
State table, 517 
Static RAMs, 593 
read cycle, 594, 595 
write cycle. 594, 595 
Strobing. 402 
Substrate, 10 
Subtraction, 5 
Subtractor, 5 

Sum-of-weights method. 23 
Switching circuits, 1, 309 
System design. 2 



Schmitt trigger, 347 

Secondary essential prime iniplicants. 214 
Sequence detector, 524 

design using iterative networks, 532 
■ cquential circuits, 309. 515 
synchronous, 522 


Tabular method. 206 
Terminal count, 390 
Threshold voltage. 466 
Time delays. 384 
l ime race, 332 
l iming diagrams. 109 
Trailing edge. 4 


famous condom, wnicn, as any smarty pane 
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Transition and output table, 517 
Transition time, I 
Triple precision, 39 
Truth table, 89 
TWo-level logic, 181 
TWo-state devices, 20 


UART, 385 
Unasserted, 147 
Unipolar ICs, I I 
Universal 

building blocks, 94 
gates. 94 
logic, 180 


Upper trigger level, 347 


Variable mapping, 189 


Wired AND operation (see TTL) 
Wired OR operation (see FCL) 
Word, 579 
Wordsize, 579 
Wrapping around, 168 


XS-3 arithmetic, 67 
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